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The western North Atlantic population of the northern right whale (Eubalaena 
glacialis) was severely depleted by whaling over the last century. Despite over fifty 
years of protection, fewer than four hundred individuals are believed to exist in the 
North Atlantic. Relatively little is known about the diving behavior, respiratory 
physiology, or diel activity of these whales, although such information could be useful 
in predicting population abundance and distribution in relation to food or 
environmental variables. Dive behavior data can be collected visually, but collection 
is limited to daylight hours, calm weather, and fortuitous encounters with study 
animals. Satellite-monitored radio tags offer the opportunity to collect data on 
individual whales' diving behavior continuously, over long distances and periods of 
time, and at relatively low cost. 
Redacted for PrivacyThirteen North Atlantic right whales were tagged and monitored in the Gulf of 
Maine between 1989 and 1991. One male was tagged in 1989; two adult males, six 
adult females (two with calves) and one juvenile were tagged in 1990; one adult 
female (with a calf) and two juveniles were tagged in 1991. The duration of 
monitoring for the whales varied from <1 day to 43 days.  Characteristics of the 
radio tags were different over each year in order to evaluate different attachment 
mechanisms and methods of collecting and summarizing data for dive duration, dive 
frequency, and time submerged. These data were then used to describe the dive 
behavior and to predict aspects of the respiratory physiology for these whales. 
The number of dives, their duration, and the time submerged varied 
considerably among individual whales and between years. Over all, the whales spent 
79% of their time underwater. However, most dives were short (i.e., 95% were 
<14 min; the mean dive duration was 92.3 sec), although dives of 30-40 min 
duration were observed for several individuals.  In general, the number of dives a 
right whale made was inversely related to the average duration of its dives within a 
time interval.  Furthermore, over a given time interval, the number of times a whale 
dove was a better predictor of the percent time it was submerged than was the 
average duration of its dives. 
There was no evidence of diel variation in dive behavior (i.e., number of 
dives, average dive duration, or percent time submerged) among these whales. Age, 
sex, and reproductive status may have affected dive behavior, although these trends were not statistically significant due to the small number of study animals and 
individual behavioral variability. Males tended to dive more often and averaged 
shorter dives than females. Females with calves dove more often and averaged 
shorter dives than females without calves. Juvenile females dove less often but 
averaged longer dives than adult males or females with calves. 
It was predicted that the aerobic dive limit of an "average" right whale was 
approximately 14 min. Ninety-five percent of the dives recorded for the 11 
monitored right whales were < 14 min. Furthermore, there was no evidence of 
recuperative periods (i.e., prolonged periods at the surface) after long dives. These 
observations were consistent with the idea that the North Atlantic right whales dove 
within their aerobic scope. They further suggest that physiological parameters alone 
probably have little influence on dive characteristics, except to set an upper limit on 
the duration of a dive. 
Satellite telemetry provides an opportunity to monitor the movements and 
behavior of free-ranging animals, and overcome many of the short-comings associated 
with traditional, human-based visual techniques for tracking and studying such 
animals. Although the tags used in this study were prototypes and varied in their 
design from year to year, several right whales were monitored simultaneously and 
were tracked over thousands of kilometers. Advances in tag miniaturization, 
attachment, and software will likely extend the time tags stay attached and the detail 
of the behavioral and environmental variables that can be monitored. As testimony to the power of this technology, this application of satellite telemetry to monitor great 
whales yielded one of the most extensive, long-term, continuously-monitored data sets 
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INTRODUCTION 
Identifying the respiratory and dive patterns of any species of cetacean is 
essential in order to truly understand its ecology and population dynamics. Though 
cetaceans spend a great deal of time submerged and thus hidden from view, they are 
inextricably tied to the surface by the necessity to breathe. The frequency with which 
they make trips to the surface to replenish oxygen stores may reflect physiological 
capabilities (Kooyman et al., 1981), normal behavior patterns, reactions to 
disturbance (Richardson et al., 1985) and the stress of sublethal pollutants (011a et al., 
1980).  Respiratory and submergence patterns also affect the proportion of animals 
visible along a track line (National Marine Fisheries Service, 1991), and thus 
profoundly affect census data (Doi, 1974; CETAP, 1982). 
Collecting respiration and dive pattern information for large cetaceans can be a 
challenging task, especially over extended periods of time.  In previous studies, such 
data have been collected using direct visual observations or conventional telemetry. 
Studies involving direct observation of individuals have used aerial (Wursig et al., 
1984), shipboard (Dolphin, 1987) and landbased (Sumich, 1983) platforms for data 
collection and have relied primarily on the highly visible exhalation or "blow" of 
larger cetaceans to measure dive and surfacing characteristics. However, individual 2 
animals are often hard to re-identify and thus are difficult to follow.  In addition, 
data collected using visual techniques alone is restricted to daylight hours and periods 
of fair weather. Harvey and Mate (1984), Evans (1974), Watkins et al., (1981), 
Goodyear (1989) and others used high frequency (HF) and very high frequency 
(VHF) telemetry to overcome some of these constraints. Though the use of such 
biotelemetry techniques did facilitate identification and location of tagged whales, 
adverse weather conditions, the high cost of getting to the animal and general logistics 
were problems that made long-term monitoring using such conventional telemetry 
very difficult. Using either biotelemetry or visual observations, animals diving for 
lengthy periods of time were often extremely difficult to monitor due to the long 
distance travelled underwater and observer fatigue. 
In recent years, satellite-monitored radio tags have become an increasingly 
popular means of overcoming some of the aforementioned problems since they 
provide a means of remotely gathering data on free-ranging animal movements and 
behaviors. Previous investigations demonstrated that these tags were cost effective in 
tracking the movements of caribou (Pank et al., 1985), polar bears (Kolz et al., 1980) 
and manatees (Mate et al., 1980; Rathbun et al., 1986). More recently, these tags 
have been successfully employed in the monitoring of marine mammals such as 
harbor seals (De Long and Stewart, 1991), a pilot whale (Globicephala melaena; Mate, 
1989) and beluhka whales (Martin and Smith, 1992). Previously, the large size of the 
tag was the principle obstacle to widespread use in monitoring large cetaceans. 3 
However, recent advances in miniaturization have made it a more feasible means of 
remotely collecting location and behavioral data from free-ranging mammals at sea. 
This study was part of the first full-scale attempt to monitor large cetaceans at 
sea using satellite telemetry. Between 1989 and 1991, eleven northern right whales 
(Eubalaena glacialis) were successfully monitored using tags designed to report the 
movement and dive patterns of each whale. In the future, these data may be useful in 
estimating right whale population sizes and the reactions of such populations to 
environmental changes. 
Though protected by law since 1938, the right whale, Eubalaena glacialis, 
remains the most depleted large cetacean in the world, and is in danger of becoming 
extinct (Kraus et al., 1986).  The purpose of this thesis was to document any diel 
patterns in the dive behavior of North Atlantic right whales as monitored using 
satellite telemetry, to assess the feasibility of using this remote telemetry to quantify 
the respiration and dive characteristics of these whales, and to examine the usefulness 
of various summary statistics in describing these patterns of behavior. In addition, 
the utility of this remotely gathered data in estimating daily energy expenditure was 
also investigated. 4 
BACKGROUND 
Natural History 
The right whale was a prime target of whale fisheries from the 1100s through 
the 1900s due to its coastal nature, slow swimming speed, high oil yield, and the fact 
that it floats when dead (Brown, 1986; Aguilar, 1986). This exploitation has resulted 
in a Western North Atlantic population that numbers less than four hundred whales 
and shows little sign of recovery (NMFS, 1991). Right whales from this population 
are sighted between Newfoundland and Florida at various times of the year (Winn et 
al., 1986; Kraus et al., 1986). From March through May, individuals are seen in 
Cape Cod Bay (Schevill et al., 1986; Mayo and Marx, 1990) and the Great South 
Channel (Winn et al., 1986). During May through July, individuals are typically 
scattered offshore throughout the Gulf of Maine. From July through October, whales 
aggregate in the lower Bay of Fundy (BOF) and on the Nova Scotian shelf (Mitchell 
et al., 1986; Kraus et al., 1986). Between November and April, the geographic 
distribution of the majority of North Atlantic right whales is unknown (Kraus et al., 
1986) though sightings of mothers and new-born calves off the southeast coast of the 
United States during this time suggest this is the principle calving area for this 
population (Kraus, et al., 1986; Mead, 1986). 
The majority of right whales sighted in the Gulf of Maine are approximately 
11  15 meters in length and weigh up to 70 tons (Kraus et al., 1988). Females that 
are reproductively active give birth to a single calf once every three to five years 5 
(Knowlton and Kraus, 1989). The gestation period and the age of reproductive 
maturity for this species is, at present, unknown. The distribution and size of 
callosities (thickened, cornified patches of epidermis) on the rostrum, chin and lower 
lips (Payne et al., 1983) vary among right whales and can be used in conjunction with 
other distinguishing features such as scars and pigmentation patterns to identify 
individuals (Kraus et al., 1986; Figure 1). 
Right whales have been observed feeding in surface slicks and underwater 
patches of calanoid copepods (primarily Calanus finmarchicus) and juvenile 
euphausiids (Kenney et al., 1986; Kraus and Prescott, 1981; Murison and Gaskin, 
1989; Mayo and Marx, 1990). The majority of feeding seems to occur below the 
surface, though on calm days surface skim feeding has been observed (Watkins and 
Schevill, 1979; Murison, 1986). Despite the patchy distribution of their prey, right 
whales are apparently able to locate and exploit high density patches of food (Mayo 
and Marx, 1990). The mechanism for this patch location is, at present, unknown. 
In this thesis, the submergence patterns of eleven northern right whales are 
described based on data collected using satellite-monitored radio tags. The efficacy of 
this approach in monitoring the behavior and physiology of right whales was also 
evaluated. This information will be useful in the design of new satellite-monitored 
radio tags and the protection of this endangered cetacean. 6 
Number  1201 
Name.  ANCHOR 
Year of Birth. 
Sew  Female 
Comments. 
Kathy Prunier
9/25/84
Copynght New England Aquanum 1990 
Figure 1. Diagram of the Northern right whale, Eubalaena glacialis. 7 
METHODS
STUDY AREA 
Whales were tagged in the Gulf of Maine (GOM) in cooperation with the New 
England Aquarium during August  October, 1989 and 1990, and during late 
September, 1991 (Figure 2).  This area is highly productive because of "intense and 
constant upwelling" (Lauzier, 1967) caused by tidal mixing and the influence of the 
Nova Scotia and GOM currents, and is a feeding ground for numerous species of 
cetaceans. Tagging cruises were conducted in two areas of known right whale 
concentrations: 1) the Bay of Fundy, and 2) a region including Browns' and Baccaro 
Banks 40 km south of the southern tip of Nova Scotia. 
THE ARGOS DATA COLLECTION AND LOCATION SYSTEM 
The satellite system used for this study was the Argos Data Collection and 
Location System (DCLS), a joint project of the National Oceanic and Atmospheric 
Administration (NOAA), the National Aeronautics and Space Administration (NASA) 
and the Centre National d'Etudes Spatiales of France (Fancy et al., 1988). Though 
DCLS was originally designed for the monitoring of fairly large, high-powered 
platform transmitter terminals (PTT's), it is currently the only commercially available 
satellite system available for the tracking of animals. Transmissions were monitored 
by four receivers on each of the near-polar orbiting, sun-synchronous Tiros-N weather 8 
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Figure 2. Map of 1989  1991 study area. 9 
satellites used by DCLS (i.e., NOAA 9-12; Figure 3). ARGOS-certified PTT's 
transmitted an ultra-high frequency (UHF) 401.650 MHZ signal. PTT's in this study 
transmitted 64 bit, 360 millisecond signals at least 40 seconds apart. A transmission 
detected by a satellite was termed an "uplink" (Fancy et al., 1988) and occurred when 
the satellite was within line-of-sight of the PTT. The amount of time a satellite was 
within reception range of a PTT (a "pass") varied with the latitude of the PTT and the 
elevation of the satellite above the horizon. For the purposes of this study, a pass in 
which data were successfully relayed to the satellite was termed a "successful pass". 
In the area studied (45° North latitude), satellites were overhead approximately 14 
times each day and passes averaged 10 minutes (ARGOS, 1990). 
The location of the transmitter during a pass was calculated by Service 
ARGOS using the Doppler shift in the apparent frequency of the PTT during multiple 
transmissions as the satellite passed overhead (Fancy et al., 1988). A pair of mirror-
image locations, one on either side of the satellite's ground track, was calculated for 
each pass of the satellite. ARGOS required at least four messages, with four minutes 
between the first and last of those messages, in order to calculate a "reasonable" 
location. However, in order to accommodate those investigators tracking animals 
visible to the satellite for only short periods of time, a new type of location (Class 0) 
of unclassified accuracy was calculated from as little as two messages per satellite 
pass. On occasion, there was insufficient information to determine a location. 10 
Figure 3.NOAA TIROS-N satellite in polar orbit, receiving transmissions from two 
different whales with ARGOS-monitored radio tags. 11 
DEFINITIONS 
The following terms are used throughout this thesis and are defined here for 
the convenience of the reader. 
DIVE: Dives were defined as a submergence of the radio tag's salt water switch for 
six seconds or more, thus reducing the probability of counting a wave momentarily 
splashing over the animals back as a dive. The short dives between surfacings, often 
referred to as a "blow intervals" by other authors (Dolphin, 1987a and 1987b; Wursig 
et al., 1984) were also counted as dives between an arbitrary distinction between a 
blow interval and a dive seemed inappropriate. 
PERCENT TIME SUBMERGED (%TSUB): %TSUB was the proportion of a 
summary period that the tag was submerged: 
(Total time (seconds) underwater / total time (seconds) in summary period) * 100 
LOG%TSUB: The natural logarithm of %TSUB. 
SUMMARY PERIOD (PERIOD): A summary period was defined as the time interval 
during which summary data were compiled: 1989 = 4 hr; 1990 = 6 hr; 1991 = 3 
hr. 12 
NUMBER OF DIVES (DNUM): The number of dives in a summary period were 
tallied by counting the total number of submergences (greater than 6 seconds) of the 
tag's salt water switch. A dive was always counted in the period in which it ended. 
LOGDNUM: The natural logarithm of the variable DNUM. 
MAXIMUM DIVE DURATION (MAXDDUR): Duration of longest dive recorded 
during a summary period. 
SURFACING (SURF): A surfacing was defined as exposure of the tag's salt water 
switch above surface of water. Because the tag was usually placed high on the 
whale's back, the tag usually surfaced when the animal surfaced for a breath. Thus, I 
assumed that each surfacing was accompanied by a minimum of one blow. Note, 
however, that more than one blow could occur during extended uninterrupted periods 
at the surface. 
MAXIMUM SURFACE TIME (MAXSURF): Maximum uninterrupted surface 
interval, where an interruption equals a submergence greater than 6 s. 
AVERAGE DIVE DURATION (AVDUR): Total time submerged/total number of 
dives. 13 
LOGAVDUR: The natural logarithm of AVDUR. 
NUMBER OF ZERO DIVE DURATIONS (#ODDUR): Number of times DDUR = 0 
(an animal remained at the surface for an uninterrupted interval of 40 s); 1990 only. 
INTERTRANSMISSION DIVES (ITD): Number of submergences > 6 sec since the 
previous transmission. This variable was created due to the 40 s minimum repetition 
rate required by ARGOS. 
AGE: A juvenile was defined as an animal known to be less than 10 years old (Kraus, 
pers. comm). 
SEX: The sex of many of the tagged individuals was known because all of them 
were "previously sighted" or cataloged individuals. Sex was determined directly 
using genital photographs, genetically through biopsy sampling, or secondarily by the 
persistent presence of a calf at a female's side. 
TRANSMISSIONS PER PASS (XMITS/PASS): Number of transmissions received 
during a successful pass of the satellite. 14 
TRANSMISSIONS PER MINUTE (XMITS/MIN): This number was calculated by 
subtracting the time of the first transmission from the time of the last transmission, 
then dividing by the total number of transmissions minus one. 
TAG HOUSING, TRANSMITTER, SENSORS AND SOFTWARE 
The satellite-monitored radio tags evolved during the course of the study as we 
gained experience with this species of whale, the tags and the software. The 
hardware and software configurations used in each phase of the investigation are 
described below. 
1989 TAG HOUSING AND ATTACHMENT: 
A cylindrical housing was chosen as the best shape to accommodate the high 
pressures (extreme depths) anticipated (Figure 4). The dimensions of the cylinder (7 
cm diameter, 15 cm length) provided just enough space for the transmitter, the 
controller board and six Altus C-cell organic lithium batteries. The attachment device 
was a spring-loaded coil wrapped around the tag that terminated in two 0.6 cm 
sutures; when triggered, the sutures pierced the blubber and epidermis of the whale to 
attach the tag in a manner reminiscent of an amphipod. Remote attachment was 
accomplished using a projectile dart and deployment vehicle system (see Mate et al. 
1992). Pole attachment was used as a backup means of deployment. 15 
Figure 4. The 1989 version of the Argos-monitored radio tag for right whales, showing 
the spring-powered, subdermal attachments. 16 
1989 TAG TRANSMITTER: 
For the 1989 field season, a Telonics ST-3 UHF (401.650 MHZ) one watt 
transmitter was chosen due to its compact size and user-programmable software. The 
microprocessor controller, software and housing were developed in-house at OSU (see 
Mate et al., 1992 for housing/attachment details). The dimensions of the transmitter 
were 13.75 cm X 7 cm X 1.5 cm. A VHF transmitter was also incorporated into the 
satellite tag housing to facilitate relocation. 
1989 TAG SENSORS: 
Since UHF signals will not penetrate salt water, a salt water switch was 
incorporated into the tag so that the PTT transmitted only when at the surface, thus 
saving valuable battery power. This switch was also used in the measurement of dive 
characteristics (see below). In addition, a temperature sensor and depth (pressure) 
sensor were incorporated into the tag. 
1989 TAG SOFTWARE: 
Within the study area, a satellite was within reception range of a PTT 
approximately 11 times a day for an average of 10 minutes at a time (Argos, 1990). 
A transmission schedule or "duty cycle" was devised, based on NASA prediction 
bulletins and the Telonics predictor program, to optimize the chances of transmissions 
reaching a satellite.  This duty cycle also decreased "wasted" transmissions and 
increased the battery life of the PTT by approximately 50%. The tag was activated 17 
for a twenty minute period when a NOAA satellite was predicted to be within 
reception range. Thus, data could be relayed to the satellite every forty seconds while 
the whale was at the surface and while the tag was activated. Using this scheme, the 
tag was estimated to have enough power to last 6 months. 
The transmitted data stream was limited to a total of 64 bits (320 milliseconds) 
to reduce the power consumption per transmission. Unfortunately, this limited the 
amount of information we could relay per uplink. Ideally I would have liked to collect 
data similar to that recorded by a time-depth recorder (TDR), but the limited data 
stream and ARGOS baud limits made this impossible. Thus, dive data were 
summarized during six, four-hour summary periods and provided an historical account 
of events that occurred prior to the period of the transmission.  In addition, discrete 
dive durations were also sent while the PTT was active. Table 1 provides a summary 
of the variables collected and the bit structure of each transmission. Note that the 
summary data portion of a message remained constant throughout the summary period 
in which it was transmitted, while the discrete portion changed with each new 
transmission. A cyclic redundancy check (CRC) code was also included in the m 
software to increase the chance of error detection since previous studies measured the 
rate of errors in transmissions to be up to fifteen percent (Mate et al., in prep.). 18 
Table 1.  Software design for the 1989 right whale PTT. 
VARIABLE  # OF  MIN/MAX  RESOLUTION 
BITS 
duration of dive just completed  11  6-4,094  2 s 
DDUR (s) 
max. depth of dive just completed  4  0-500  + 17 m 
DEPTH (m) 
intertransmission dives (ITD)  3  0-6  1 
sea temperature at DEPTH  6  0-70°C  + 0.5 °C 
TEMP (°C) 
sea surface temperature  6  0-70°C  + 0.5 °C 
SURFTEMP (°C) 
total # of dives during the pd  9  0-511  1 
DNUM 
average dive duration during the pd  7  6-254 s  2 s 
AVDUR (s) 
max. depth of dive during the pd  4  0-500  + 17 m 
MAXDEPTH (m) 
cyclic redundancy check error code  8  NA  NA 
CRC 19 
1990 TAG HOUSING AND ATTACHMENT: 
Due to the numerous difficulties in attaching the 1989 tag to right whales (see 
Mate et al. 1992) the tag was improved to facilitate its delivery and increase the time 
of attachment. In 1990, smaller transmitters became available and enabled us to 
reduce the size and weight of the tag by 66% and 91%, respectively. Thus, the 5.6 
cm X 12.5 cm cylindrical tag was deployed as a projectile and was applied using a 
150 lb compound crossbow (Figures 5 and 6). 
1990 TAG TRANSMITTER: 
In early 1990, Telonics developed the ST-6 transmitter, which transmitted a 
less powerful signal. This decrease in transmission power from 1 watt to 400 
milliwatts enabled us to use smaller batteries and thus reduced the overall PTT size. 
Analysis of the 1987 Pilot whale data (Mate, unpublished data), determined that such 
a reduction in signal strength would likely result in only a 10% data loss.  In 
addition, the ST-6 did not incorporate a user interface; thus, the 1990 software was 
designed by OSU but programmed by Telonics, Inc. 
1990 TAG SENSORS: 
Initially, the ST-6 did not incorporate a depth sensor. In addition, the only 
temperature sensor available for the ST-6 was designed to monitor internal tag 
temperature. Thus, the collected water temperatures were approximations but were of 
some use in temperature stratified areas. 20 
Figure 5. The 1990 version of the Argos-monitored radio tag for right whales, showing 
the Delrin endcap with the antenna and saltwater switch. The final version of this tag 
also included a VHF transmitter, and thus had two antennae. 21 
PUSH
ROD
TAG
HOLDER
VHF
ARGOS  ANTENNA
ANTENNA
FOLDING
BARBS
DEPLOYED
Figure 6. The 1990 version of the Argos-monitored radio tag as modified during the 
field season.  Attachments are shown with one pair of folding barbs in the deployed 
position. The aluminum push rod fell away after attachment. 22 
1990 SOFTWARE: 
Programming the tag to transmit exclusively during predicted satellite orbits 
was very complex and worked only marginally well in 1989 due to the unpredictable 
effects of elevated solar activity on the NOAA satellites.  Therefore, the transmission 
cycle was simplified to two hours on, four hours off. The ST-6 transmitter did not 
include the CRC code, and alternative methods of error detection were employed. As 
in 1989, both summary and discrete data were collected and their bit structure is 
summarized in Table 2. 
1991 TAG HOUSING, ATTACHMENT, TRANSMITTER AND SENSORS: 
The PTT housing, attachment, transmitter and sensors were identical to those 
used during the 1990 phase of the study. 
1991 SOFTWARE: 
For the 1991 season, software under development for a bowhead whale tag 
was modified for use with right whales in the Bay of Fundy. This software reported 
dive durations within a summary period in a histogram format. Due to the limited 
amount of available bits, counts within a bin were limited.  If the count in a particular 
bin was exceeded, an overflow indicator was triggered. Dive duration bins were 
designed using the 1989 and 1990 ranges of dive durations. 23 
Table 2. Software design for the 1990 right whale PTT. 
VARIABLE  # OF  MIN /MAX  RESOLUTION 
BITS 
duration of dive just completed  16  0  + 2 s 
DDUR (s)  131,072 s 
# of intertransmission dives  6  0-63  1 
ITD 
sea surface temperature  8  0  70°C  0.05°C 
TEMP (°C) 
total # of dives during the pd  16  0-65,536  1 
DNUM 
average duration of all dives during the pd  16  0  2 s 
AVDUR (s)  131,072 s 
failsafe flag  2  NA  NA 
internal temperature of transmitter upon surfacing 24 
As opposed to 1989 and 1990, the variables average dive duration (AVDUR) 
and number of dives (DNUM) were calculated from the histogram data as follows: 
AVDUR = total seconds submerged/total number of dives (per period) 
= ((%Tsub/100) * 10,800 sec/period)/DNUM 
DNUM = total # dives in all histogram bins + 4 
Four dives were added to the total number of dives because the resolution of the first 
dive duration bin (0-1 minute) was eight dives. 
In addition, summary periods were shortened to 3 hours and transmissions alternated 
between the 2 summary periods completed immediately preceding the time of 
transmission.  The only data transmitted were summary data; the durations of 
individual dives were not reported. The transmission cycle was programmed as two 
hours on, four hours off (Figure 7). Once again a CRC code was incorporated into 
the tag to facilitate error detection (Table 3). 
DATA COLLECTION GENERAL PROTOCOL 
In 1989, surveys were initially conducted from a 15 m motorized vessel with a 
modified swordfish plank. During the remainder of the 1989 season, and for the 
entire 1990 and 1991 seasons, the primary survey and tagging platform was the R/V RIGHT WHALE 1991 
TRA\S V  SSO\ & S,A  CYCL-s 
1 PERIOD 6 7 8  2 3 4 5 6 
ON  OFF  ON  OFF  ON  OFF  ON  OFF TRANSMITTER
ON/OFF SCHEDULE
11  .1  j 
1 GMT  0  2  3  4  5  6  7  8  9  10  11 12 13 14  15  16 17 18  19 20 21 22 23 24  GMT 
EST  19 20 21 22 23  0  1  2  3  4  5  6  7  8  9  10  11 12 13 14 15 16 17 18 19  EST 
1 EDT  20 21 22 23  0  2  3  4  5  6  7  8  9  10  11  12 13 14 15 16 17 18 19 20  EDT 
Sunrise  Sunset 
11.77  01 Dec  20.92 
Sunrise / sunset times 
are for Greenwich  Mean  Time  Sunrise  Sunset at 44° N x 68 °W.  11.13  01 Nov  21.38 
Initialized  at: 
Sunrise  Sunset 05:30 GMT or 
10.49  01 Oct  22.22 11:30 GMT or 
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23:30 GMT  Sunrise  Sunset 
transun.plt  09.91  01 Sept  23. 14 
Figure 7. The daily schedule of 1991 summary periods and transmission periods, showing Universal (GMT) and local time 
and their relationships to sunrise and sunset. 26 
Table 3. Software design for the 1991 right whale PTT. 
VARIABLE  # OF 
BITS 
MIN/ 
MAX 
RESOLUTION  UNDER/OVER 
FLOW 
percent time 
underwater 
%TSUB (%) 
6  38-
100% 
1%  -/37 % 
maximum dive 
duration 
MAXDDUR (min) 
5  12-70 
min 
2 min  10/72 min 
maximum surface 
duration 
MAXSURF (min) 
5  0-30 
min 
1 min  -/31 min 
dive duration profile 
DDUR (min): 
40 
0< ddur < 1  6  0-496  8 dives 
1< ddur < 4  7  0-126  1 dive 
4< ddur < 7  6  0-62  1 dive 
7 < ddur < 10  5  0-30  1 dive 
10 < ddur < 13  4  0-14  1 dive 
13 < ddur < 16  4  0-14  1 dive 
16 < ddur < 19  4  0-14  1 dive 
19 < ddur  4  0-14  1 dive 
Cyclic Redundancy 
Check 
CRC code 
6 27 
Nereid, a 10 m vessel owned and operated by the New England Aquarium. When 
whales were sighted, the vessel would deviate from the survey track to attempt 
species confirmation and to approach an individual. To identify individuals, right 
whale callosity patterns and scars were photographed using 35 mm cameras equipped 
with 300 mm lenses and Kodachrome 64 or Ektachrome 200 slide film. Photographic 
effort was directed primarily toward tagging candidates and animals with tags to 
verify field identifications and tag attachment, though other right whales were 
photographed opportunistically for contribution to the Right Whale Consortium 
catalog. Once the team decided that an animal was a tagging candidate (i.e. the 
individual appeared healthy and it was not a calf) and it had been sufficiently 
photographed, the boat was directed parallel to the animal and tagging was attempted. 
Tags were attached to non-calf animals only; when mothers with calves were 
approached for tagging, the pair was disturbed as little as possible.  Often mothers 
and calves were greater than 20 m apart upon approach late in the season, and the 
disturbance of any cohesive movements of the pair was minimal. 
In all three years, attempts were made to relocate tagged individuals to 
ground-truth locations and photo-document the condition of both the tag and the 
animal. Therefore, once an animal was tagged, data were collected in the following 
manner: 
Days began by retrieving the most recent satellite position from the Argos 
Data Processing Center (Suit land, MD) using a Toshiba 3100sx portable computer 28 
and modem. Because information was often three hours old, the relocation search 
area was chosen using the estimated speed of the animal, probable movement patterns 
gleaned from the satellite data and previous experience and observations. In 1989 and 
1990, relocation was facilitated by the inclusion of VHF transmitters in the PIT 
housings. When an animal was relocated, the vessel attempted a close approach to 
verify the whale's identification and to photograph the animal and its tag. 
DATA ANALYSIS 
ERROR DETECTION: 
After preliminary analysis of the data, errors beyond those flagged by the CRC 
code were discovered. These were identified as "logical errors" (Mate et al., 1992) 
and I assumed they were due to either: 1) a failure of the CRC code to detect a 
transmission error (5% chance), or 2) a malfunction of a sensor on board the tag. 
These errors were detected using "logical checks" of the data. Because of the nature 
of the software, duplicate summary data were often recovered for a particular 
summary period and provided another means of error detection. If a particular 
transmission contained any errors, the entire line of data was discarded. Since a CRC 
code was not included in the 1990 tag software, errors were detected using only the 
logical error checking procedure, and summary period data were not used unless there 
were at least two identical summary period transmissions. 29 
CALCULATION OF PERCENT TIME SUBMERGED: 
The average dive duration for a summary period was multiplied by the number 
of dives in that period to obtain the time (in seconds) spent submerged during a 
summary period. This was then expressed as a percentage of the total time in a 
summary period (14,400 seconds in 1989 and 21,600 seconds in 1990). In 1991, 
%TSUB was computed on-board the tag and was rounded down to the nearest 1%. 
CALCULATION OF MEANS: 
Dorsey et al. (1989), reported two methods for computing the mean dive 
duration using dive data: 1) summing the total time (seconds) submerged and dividing 
it by the total number of dives (often referred to as the "weighted mean") and 2) 
averaging the mean dive durations and weighting each mean equally. The former is 
valuable in describing the overall dive duration while the latter has useful statistical 
properties.  Both methods were used in this study and are identified as follows: 
i, = weighted mean 
i = mean of means 
Means are reported plus or minus one standard deviation (SD). Statistical analyses of 
the collected dive parameters were performed using the SAS and Statgraphics 
software packages. When appropriate, data were Log transformed prior to parametric 
statistical tests due to the skewed distribution of the data. Though the %TSUB data 
were left skewed in all years, transformations did not improve normality without 30 
adversely affecting the variance of the residuals.  Since ANOVA procedures are 
robust to moderate deviations from normality (Sokal and Rolf, 1981), no 
transformation was used in the analysis of the variable %TSUB. Comparisons among 
means were accomplished using either one-way or multifactor analysis of variance 
tests (ANOVA) and were considered significant at the p=.05 level unless otherwise 
noted. 
Multiple regression equations were also calculated to estimate the 
relationships among the numerous behavioral and demographic variables and 
AVDUR, DNUM, and %TSUB. Log transformations were performed to linearize the 
relationship between AVDUR and DNUM and to normalize any skewed distributions 
in the data. The predictor variables varied among years of the study and are therefore 
listed in their respective Results sections. Both stepwise regression and extra sum of 
squares (ESS) F tests (Neter et al., 1989) were used to construct the appropriate final 
regression model. For each model, both the proportion of variability explained by the 
regression (R2) and the associated residual standard deviation (SD) are reported. 
"ALL YEARS COMBINED" DATA COMPUTATION: 
Because summary period lengths differed in the 1989, 1990 and 1991 studies 
(4 hr, 6 hr and 3 hr respectively), a combined data set was created with 12 hr 
summary periods so that summary statistics using all three data sets could be 
calculated. Within each data set, only adjacent periods totaling 12 hr were averaged 31 
to produce a new, 12 hr unweighted (Ru) average for that time period.  In addition, 
kw's were also calculated by multiplying %TSUB by 43,200 seconds (12 hr), and 
then dividing by the total number of dives to yield a mean AVDUR. 
CORRECTION FOR SERIAL CORRELATION/ TIME SERIES ANALYSIS: 
Because the data were collected as a time series, the major variables 
(AVDUR, DNUM, %TSUB) were checked for serial correlation using the Durbin-
Watson test (Neter et al., 1981, pp. 491-494). The presence of serial correlation was 
confirmed by calculation of the partial correlation coefficients (r) of the residuals  up 
to lag 100. Uncorrected serial correlation would have resulted in the underestimate of 
the standard error of the residuals and may have led to erroneous significant 
differences between variables (Chatfield, 1980). Previous authors compensated for 
serial correlation in their dive behavior data by subsampling their data, basing their 
sub-sample frequency on the number of significant lags in the data (Stewart and 
De Long, 1991), or by using individual animal means in the analysis (CETAP, 1982). 
In both cases, the sample sizes were reduced considerably. Though the approach 
used in this study to correct for serial correlation was tedious, the larger sample sizes 
were considered worth the effort. 
When correlations between variables from adjacent summary periods (i.e., lag 
1) were significant, mean square errors (MSEs) within one-way ANOVAs  were 
multiplied by the following correction factor and the analysis was completed as usual: 32 
J 1+r,
1-r1  where r1 = lag, partial autocorrelation coefficient
When two-way ANOVA's were calculated, the following correction for serial
correlation was applied:
MSE(PTT) MULTIPLIED BY:
MSE(PERIOD) MULTIPLIED BY: 
j  1l -r4 
v i+r4 
F ratios were then calculated as usual. To correct serially-correlated multiple 
regressions, the following correction factors were employed: 
Serial correlation coefficients (a) for the third order autoregressive time series were 
calculated using the Box Jenkins ARIMA model in the Statgraphics software package. 
The regression equations were then refitted using the corrected variables to produce a 
regression equation with independent errors (F. Ramsey, pers. corn.). 
ALTERNATIVE DEFINITIONS OF A DIVE: 
In order to objectively distinguish between a dive and a "blow interval" 
(Dolphin, 1987a, Wursig et al., 1984) and for purposes of comparison with other 
studies, a log-survivorship plot of discrete dive durations was constructed (Fagen and 
Young, 1978).  Significant changes in the slope of the line indicated a change in the 
probability of a dive of that duration occurring. Submergences greater than this 33 
inflection point were considered "long dives" and those less than this point were 
analogous to the "blow intervals" or short dives of other studies. 34 
RESULTS 
BEHAVIORS OBSERVED DURING THE STUDY 
Throughout the study, there was evidence of age-class and sexual segregation 
in this population of right whales. In the BOF, the majority of animals identified 
during this study were females, juveniles, and females with calves; very few adult 
males were sighted. When adult males were seen, it was usually late in the season 
(i.e., October). Kraus and Prescott (1982) reported that 20-40% of all animals sighted 
in the BOF were females with calves and suggested that the relatively protected 
waters of the bay were used as a nursery area.  In contrast, the more exposed part of 
the study area south of Nova Scotia contained very few cow-calf pairs and numerous 
males. This also agreed with previous observations (CETAP, 1982; Kraus et al., 
1984). Difficult sea conditions at the offshore study area hampered the tagging 
attempts there, and the majority of the tagging effort was in the BOF. All of the 
successful tags were applied in the Bay of Fundy, and thus only three of the eleven 
studied whales were adult males (Table 4). 
The primary activity observed in the BOF appeared to be subsurface feeding. 
Occasionally, animals would surface with mud on their heads, implying dives to the 
bottom; often this occurred in water exceeding 200 m in depth. There were no 
observations of surface skim-feeding (Watkins et al., 1976) during the tagging 
cruises. On Browns and Baccarro Banks, the behavior of animals was quite different Table 4.  Characteristics of right whales tagged in 1989, 1990, and 1991, and summary of each tagging effort. 
PTT#  NEA#/NAME  STATUS  TAG DATE  TAG TIME  FIRST  LAST  TAG 
MESSAGE  MESSAGE  DAYS 
843  #1146  ADULT MALE  15 OCT 89  15:16 Z  15 OCT 89  5 NOV 89  22 
VAN HALEN  17:57 Z  19:27 
823  #1421  ADULT MALE  12 SEP 90  118:35 Z  12 SEP 90  24 OCT 90  43 
WILLIE  23:48 Z  21:12 
825  #1629  ADULT FEMALE  26 AUG 90  19:49 Z  28 AUG 90  6 SEP 90  10 
IPANEMA  + CALF  18:05 Z  06:36 Z 
827  #1941  '89 CALF  26 AUG 90  18:18 Z  26 AUG 90  28 AUG 90  3 
FEMALE  23:36 Z  18:06 Z 
831  #1152  ADULT MALE  24 AUG 90  17:30 Z  25 AUG 90  8 SEP 90  15 
NECKLACE  05:27 Z  12:19 Z 
833  #1981  JUV ?SEX  25 AUG 90  22:09 Z  26 AUG 90  6 SEP 90  12 
"JJ"  00:00 Z  13:05 Z 
834  #1248  ADULT FEMALE  24 AUG 90  20:21 Z  25 AUG 90  27 AUG 90  3 
RUDOLPH  05:28 Z  13:29 Z 
835  #1127  ADULT FEMALE  25 AUG 90  21:35 Z  --- --- 0 
DASH 
839  #1140  ADULT FEMALE  24 AUG 90  19:19 Z  25 AUG 90  5 OCT 90  42 
WART  + CALF  00:24 Z  08:05 Z 
840  #1135  ADULT FEMALE  24 AUG 90  20:00 Z  25 AUG 90  31 AUG 90  7 
STRIPE  00:24 Z  17:34 Z 
1385  NEA 1243  ADULT FEMALE  27 SEP 91  20:49 Z  28 SEP 91  7 OCT 91  10 
+ CALF  19:03 z  19:01 Z 
1386  NEA 1608  JUVENILE  28 SEP 91  18:19 Z  28 SEP 91  22 OCT 91  18 
FEMALE  19:07 Z  11:59 Z 
1387  NEA 1406  JUVENILE  5 OCT 91  14:25 Z  5 OCT 91  29 OCT 91  24 
FEMALE  17:50 Z  11:15 Z 36 
than that observed in the BOF. Sightings were primarily of single adults, some of 
which were known males, or of concentrations of 3-30 animals in apparent courtship 
or "surface active groups" (termed "SAGS": Kraus, 1991). 
Animals were much more mobile than expected, especially during 1990. 
Previously, animals that were sighted in an area and then later re-photographed in the 
same area were presumed to have spent the intervening time in that general area. 
This was not the case. Two of the tagged animals travelled over 3,000 km between 
visits to the Bay of Fundy (Mate et al., 1992). The movements of individuals and the 
distances individuals travelled were highly variable (Table 5). The average swimming 
speed for all animals was 3.6 km/hr. 
DEPLOYMENT SUCCESS AND SOFTWARE PERFORMANCE 
1989: 
Despite intensive effort (see Mate et al., 1989), the 1989 field season resulted 
in the successful pole attachment of only one tag (PTT #843) to an adult male (NEA 
#1146, Van Halen). For further details on deployment and attachment success during 
this field season, see Mate et al. (1992). 
A total of 297 transmissions were received for PTT # 843 over 22 days (Rt. = 
13.5 xmits/PTT/day). Of these transmissions, 33 (11%) contained errors. An 
average of 2.72 transmissions were received per successful satellite pass.  In all, data 37 
Table 5. Summary of 1989-1990 right whale satellite telemetry. 
PTT#  TOTAL TAG 
DAYS 
TOTAL # 
MESSAGES 
TOTAL # 
LOCATIONS 
TOTAL # 
DIVES 
DISTANCE 
TRAVELLED 
(KM) 
843 
ADULT MALE 
22  297  71  12,209  1,523 
823 
ADULT MALE 
43  665  136  47,591  3,030 
825 
ADULT FEMALE 
+ C 
10  30  7  1,510  302 
827 
JUV. FEMALE 
3  22  630 
831 
ADULT MALE 
15  23  NONE  1,399 
833 
JUV. ? SEX 
12  112  26  4,981  576 
834 
ADULT FEMALE 
3  4  0  NA  NA 
835 
ADULT FEMALE 
0  0  0  NA  NA 
839 
ADULT FEMALE 
+ CALF 
42  528  111  22,273  3,833 
840 
PREGNANT 
FEMALE 
7  86  15  2,370  793 
TOTALS  154  1,763  366  92,963  9,590 
* NO LOCATIONS DUE TO ARGOS ERROR 38 
were received during 109 passes of the satellite. The synchronization  of transmission 
"on-off' times with satellite passes worked well for the North-South passes of the 
satellite but not for the South-North passes, resulting in a gap in transmissions 
between 0400-0800 GMT (Period 1; Figure 8). The number of transmissions varied 
significantly among the five periods for which data were received (x2 = 217.52, df 
=4, p= <.001). Error-free data were collected during a total of 55 periods. 
1990: 
Our tagging efforts were much more successful in 1990. A total of nine tags 
were deployed; eight were attached within the first three days of the field season. 
Two adult males, three adult females (one of which, it was later learned, was 
pregnant), two adult females with calves, a juvenile female and a juvenile of unknown 
sex were tagged. Of these nine tagged animals, dive data were received from seven 
animals and location data from six. An ARGOS error resulted in the loss of all 
location data for PTT 831, but sensor data were recovered and were included in the 
1990 analysis. 
In 1990, 1466 transmissions were received over a total of 132 whale-tracking 
days. Of these, 285 transmissions (19%) contained errors. The number of 
transmissions for all 1990 animals combined varied significantly with time of day 
(x2=96.20, df=3, p< <.001; Figures 9 and 10) as did error rates (x2 =9.90, df=3, 
p=.02). Error rates were highest during periods when transmissions were the least 39 
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for PTT's 823, 825, 827, 831, 833, 839, and 840 deployed in 1990. 42 
frequent (Period 1: 1830-0030 EST; Period 4: 1230-1530 EST; Table 6). However, 
when animals with adequate sample sizes for analysis were examined on an individual 
basis, there were no significant differences in the mean number of transmissions per 
minute (i.e., XMITS/MIN) throughout the day (Figure 11 and 12). Thus, the 
observed differences in the number of transmissions per period of the day were most 
likely due to satellite characteristics and not animal behavior. In this study, the 
satellite characteristics and PTT duty cycle resulted in times of the day when satellite 
uplinks in the study area were less likely (the "valleys" in Figure 13).  In addition, 
the transmitters used in 1990 contained a software error, and resulted in the drift of 
the tags' transmission schedule (Figures 14 and 15). Together, these factors likely 
affected the distribution of transmissions throughout the day. 
1991: 
During the short 1991 season, two juvenile females (PTT 1386 and 1387) and 
an adult female with a calf of the year (PTT 1385) were successfully tagged despite 
poor weather conditions and limited tagging opportunities.  All three tags provided 
location and dive data for a total of 52 days (10, 18 and 24 days each). One 
transmitter (PTT 1386) went off the air for five days but was then received again for 
an additional 10 days.  Overall, 419 transmissions were received; of these, 68 (16%) 
contained CRC errors.  There were no additional transmission errors detected in the 
data. 43 
Table 6. Frequency of PTT transmissions and transmission errors for each  summary 
period in 1990. 
TRANSMITTED  # OF  # OF  ERROR RATE 
PERIOD  TRANSMISSIONS  ERRORS 
PERIOD 1  228  50  22% 
PERIOD 2  460  86  19% 
PERIOD 3  445  72  16% 
PERIOD 4  333  77  23% 
ALL PERIODS  1466  285  19% 44 
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Figure 11. Comparison of the average number of transmissions per minute for each 6-
hour summary period for PTT's 823, 825, 827, and 831 deployed in  1990.45 
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Figure 13.  The effect of initialization time on the number of minutes satellites  are within range of the Bay of Fundy. 
Predictions were based on four, evenly spaced two-hour transmission periods. 47 
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Unlike 1989 and 1990, satellite coverage throughout the day was quite even 
during 1991, and the overall number of transmissions received for each period did not 
vary significantly among the eight periods of the day (x2=3.01, df=7, p= 0.12). 
Actual transmission rates during the four periods in which the tags were actively 
transmitting (PERIODS 1, 3, 5, and 7) also did not vary (x2 = 2.19, df= 3, 
p=0.53). However, transmission and error rates varied among animals (Table 7). 
Error rates were highest for the animal and PERIOD with the lowest number of 
transmissions (i.e., PTT 1385 and PERIOD 7, respectively). As opposed to the 1990 
data, there did not appear to be significant drift in the transmission times of the tag 
(Figure 16-18). Data free of transmission errors were collected for a total of 212 
summary periods in 1991, of which 5 were eliminated due to logical errors. 
DISCRETE DIVE DATA (DDUR) 
1989: 
A total of 234 discrete dives and an additional 204 intertransmission dives 
(ITDs) were collected using the successful 1989 PTT (Figure 19). Animals were 
submerged 73.5 sec on average (range 6-848 s) when ITD's were included; excluding 
ITD's, dives averaged 138 (SD = 180s).  It should be noted, however, that long 
dives were less likely to be reported than short dives unless the satellite passed 
overhead just as a long dive was completed. Visual observations of long dives suffer 
the same problem. Nonetheless, long dives were recorded, and the maximum discrete 
dive reported was 848 seconds (14.13 min). When dive durations were plotted using Table 7.  Transmission and error rates for the PTTs deployed in 1991. XMITS  = number of transmissions; ERROR = 
number of transmissions containing errors. 
1385 (9 + calf)  1386 (9j)  1387 (9j)  ALL PITS 
PERIOD 
XMITS  ERROR  XMIT  ERROR  XMIT  ERROR  XMIT  ERROR  ERROR RATE 
1  1  0  19  3  27  6  47  9  19% 
2  3  0  16  1  32  6  51  7  14% 
3  2  0  25  2  30  6  57  8  14% 
4  8  2  23  5  25  4  56  11  20% 
5  5  2  22  1  30  4  57  7  12% 
6  5  2  30  2  18  3  53  6  11% 
7  1  0  14  2  29  8  44  10  23% 
8  4  0  13  3  36  6  53  9  17% 
TOTAL  29  6  162  18  228  44  419  68  16% 
XMITS  (21%)  (11%)  (19%)  (16%) 
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Figure 16. Time and date of transmissions received for Ptt #1385. Dotted lines denote 
the two-hour transmit intervals within a 3-hour summary period. Note that this 1991 tag 
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Figure 17. Time and date of transmissions received for Ptt #1386. Dotted lines denote 
the two-hour transmit intervals within a 3-hour summary period. Note that this 1991 tag 
did not transmit during periods 2, 4 6 and 8. 53 
PTT 1387 
24 
23 
22  8 
21 
20  -* 
19  7 
18 
17 
16  6 
15 
14 
13  5 
12 
11 
10  4 
9 
8 
7  3 
6 
5 
4  2 
3 
2 
1 
0  ril  l  T 
1 
03 OCT  08 OCT  13 OCT  18 OCT  23 OCT  28 OCT 
DATE 1991 
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1989 (1 = 73.5x ± 18). Intertransmission dives (1Tlls) are, by definition, less than 40 
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a log-survivorship curve, the difference between a long and short dive appeared to be 
at approximately 40 seconds (Figure 20). 
1990: 
Data for a total of 988 error-free discrete dives and 629 ITDs were collected 
in a manner similar to 1989. On average, dives lasted 80 (SD = 175 s, range 0-2404 
s). The three longest dive durations (40.1, 28.2 and 17.5 minutes) during this phase 
of the study were all recorded for PTT 839, a female with a calf (Figure 21). 
Though the forty-minute dive appears to be an outlier, there were no detectable errors 
in that transmission to justify its removal. The animal may have surfaced and 
breathed while the tag remained submerged. Because there was no CRC code in the 
1990 tag, and there were no duplicates of discrete data, these extreme values may 
have also been transmission errors. This dive duration was kept in the dataset after 
determining that it did not adversely affect the statistical tests conducted. 
Long and short dive criteria were again established using a log-survivorship 
plot (Figure 22). Submergences greater than 40 s appeared to be equivalent to the 
dives measured in other studies of cetacean submergence patterns. 
1991: 
In 1991, a total of 14,224 dives were counted and tallied in histogram "bins" 
(see Methods). The distributions of dive durations for each animal were right 56 
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Figure 20. Log-survivorship plot of submergence (dive) times for PTT 843 deployed in 
1989. Inflection points in the curve indicate a change in the probability of a dive of that 
duration occuring. For comparative purposes, such points were used to discriminate 
between dives and the so-called "blow intervals" of other studies. 57 
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Figure 21. Frequency distribution of dive durations collected using satellite-monitored 
radio tags deployed in 1990. 58 
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Figure 22.  Log-survivorship plot of submergence (dive) times for the PTTs deployed 
in 1990. Inflection points in the curve indicate a change in the probability of a dive  of 
that duration occuring. For comparative purposes, such points were used to discriminate 
between dives and the so-called "blow intervals" of other studies. 59 
skewed, and the majority of dives (63%) were < 1 min; less than 7% of the recorded 
dives exceeded ten minutes (Figure 23). The 1991 discrete dive durations averaged 
133 seconds. Dives exceeding 10 minutes were not recorded for the adult female 
with a calf (PIT 1385), nor were surfacings > 1 minute, although the sample for this 
animal was quite small.  Overall, the collection of dive duration data using the 
histogram format and the bit structure of these bins worked quite well. None of the 
maximum counts within a bin were exceeded in this section of the software. 
Dive criteria were again analyzed using the log-survivorship plot. The 1991 
data indicated that submergences greater than 1 minute were comparable to the 
"dives" of other studies (Figure 24). However, estimates of the difference between a 
long and a short dive were less precise than previous  years due to the histogram 
format of the data, and thus this difference was a crude approximation. 
MAXIMUM DIVE DURATION (MAXDDUR) 
1991: 
In 1989 and 1990, we obtained samples of discrete dives and reported the 
longest of these as MAXDDUR. In 1991, MAXDDUR was reported as a summary 
variable and was computed from all of the discrete dives recorded (though not 
reported) during a period. MAXDDUR was less than 12 minutes in 36% (74/207) of 
the summary periods, and was therefore recorded as an underflow value by the tag. 
Dives exceeding 10 minutes were not recorded for PTT 1385. Thus, all  of the 60 
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Figure 23. Frequency distribution of dive durations collected using satellite-monitored 
radio tags deployed in 1991. 61 
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Figure 24.  Log-survivorship plot of submergence (dive) times for the 1991 PTTs. 
Inflection points in the curve indicate a change in the probability of a dive of that 
duration occuring. For comparative purposes, such points were used to discriminate 
between dives and the so-called "blow intervals" of other studies. 62 
MAXDDUR values reported for this individual were underflow values. The maximum 
dive duration recorded was 32 minutes (juvenile female PTT 1386), while the mean 
MAXDDUR, excluding underflow values, was 15 ± 3 minutes (n  = 133, range 12-
32; Figure 25). Assuming underflow dives averaged 6 minutes, the overall 
MAXDDUR, including underflow values, would be 12 ± 5 min. MAXDDUR 
tended to be longer during daylight hours than at night (Table 8). 
AVERAGE DIVE DURATION (AVDUR) 
1989: 
During the four-hour summary periods, the mean AVDUR (kJ for PTT 843 
was 74 ± 9 seconds (range 20-120s; Figure 26). This was virtually identical to the 
mean calculated from the discrete data (73.5 seconds, range 6-848 seconds). Thus the 
discrete data were a representative sample of the summary data. The overall 
weighted mean was 70.7 s.  There was no evidence (F=1.07; df=4,50; p=0.38; r1 
= 0.02) of a diel pattern or serial correlation in AVDUR in the 1989 data (Figure 
27). 
1990: 
The distribution of mean dive durations during the 1990 study is shown in 
Figure 28. Eighty-five percent of all AVDURs were less than two minutes. The 
overall mean dive duration (R,v) was 63 s; the median and mode were 80 s and 100 s, 
respectively. The mean AVDUR (Ru) for all animals, 86s (SD= 48 seconds,  n = 63 
ALL 1991 PTTs 
12 14 16 18 20 22 24 26 28 30 32 34 36
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Figure 25. Frequency distribution of the maximum dive duration (min) recorded in a 
three-hour summary period during the 1991 phase of the study. Table 8. Maximum dive duration (MAXDDUR) recorded during the eight 1991 summary periods. Each cell contains the 
number of summary periods for which MAXDDUR was recorded without errors, the range of dive durations (in 2 minute 
increments), and the mean MAXDDUR ± SD. No dives > 10 minutes were recorded for PTT 1385 which was therefore 
excluded from this table. 
PERIOD  1 2 3 4 5 6 7 8 ALL 
PERIODS 
PTT  n  14  11 10 13  11 14  8  8  89 
1386  RANGE  6-18  6-16  6-20  6-22  6-18  6-32  6-22  6-16  6-32 
MEAN+SD  11+3  13+2  14+3  13+4  12+4  14+6  13+5  11+3  13+4 
PTT  n  12 12  13 14  11  10  11  14  97 
1387  RANGE  6-14  6-22  6-24  6-24  6-20  6-22  6-16  6-18  6-24 
MEAN+SD  9+3  11+5  14+5  14+5  15+3  14+6  12+3  12+3  13+5 
ALL  n  26  23 23 27 22 24  19 22  186 
PTTS  RANGE  6-18  6-22  6-24  6-24  6-20  6-32  6-32  6-18  6-32 
MEAN+SD  10+3  11+4  13+5  12+5  13+4  13+6  13+6  11+4  12+5 65 
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Figure 26. Frequency histogram of average dive duration (AVDUR) recorded during a 
4-hour summary period for PTT 843 in 1989. 66 
AVERAGE DIVE DURATION VS DATE 
130
120
110
100
90
80
70
60
50
40
30
20
100
1
I
E-, U  0 U 0 0  z 
CO CO  N
C \i  C\1  0
DATE 1989
Figure 27. Distribution of average dive duration (AVDUR) over a 3-wk period for PTT 
843 in 1989. 67 
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Figure 28. Frequency distribution of average dive duration (AVDUR) during a 6-hour 
summary period for all PTTs in deployed 1990 (i.e., #823, #825, #827, #831, #833, 
#839 and #840). Note: X = mean AVDUR during the designated period; sd = standard 
deviation of the mean. 68 
209), was quite variable (range 14 s  342 s) although some animals were more 
variable than others (Figure 29-32). The low of 14 s and the high of 342 s were both 
recorded for PTT 823, an adult male. In contrast, little variation in the mean 
AVDUR  for PTT 839 (female with a calf) was observed (100 + 27 seconds). No 
obvious seasonal trends were observed in the data (Figures 33 and 34). 
AVDURs  from adjacent periods were serially correlated  (LAG = 1).  Partial 
correlation coefficients and correction factors were computed for the main dataset and 
each of the subsets of data to correct for this problem. 
There were significant differences in the average dive times calculated for the 
seven 1990 animals (two-way ANOVA, p < .001, SE adjusted for serial correlation, 
r1 = +0.572). Multiple comparisons of mean LOGAVDUR  among the PTTs are 
listed in Table 9. The median AVDUR  for PTT 823 (adult male), 46.50 seconds 
(n=124 periods), was significantly lower than the other six animals (Figure 35). PT!' 
827 had the highest median AVDUR of all animals (149.37 seconds). 
The mean LOGAVDUR  for all animals combined was not significantly 
different among the four, six-hour summary periods (Two-way  ANOVA, p=.15). 
When animals with adequate sample sizes (i.e., PTT 823, 833, 839) were examined 
individually, there were no diel patterns in dive durations detected. 69 
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Figure 29. Frequency distribution of average dive duration (AVDUR) during a 6-hour 
summary period for PTT 823 deployed in 1990. Note: X = mean AVDUR during the 
designated period; sd = standard deviation of the mean. 70 
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Figure 30. Frequency distribution of average dive duration (AVDUR) during a 6-hour 
summary period for PTT 833 in 1990. 
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Figure 31. Frequency distribution of average dive duration (AVDUR) during a 6-hour 
summary period for PTT 839 in 1990. 72 
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Figure 32. Frequency distribution of average dive duration (AVDUR) during a 6-hour 
summary period for PTT 840 in 1990. 73 
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Figure 33.  Chronological comparison of average dive duration (AVDUR) for PTTs 
#825, #827, #831, #833 and #840 deployed in 1990. Top of bar represents AVDUR for 
a 6-hour summary period. 74 
360 
c7-) 300 
Z 240 0
U  180 
U] 
..._..  120 
Z 0  60 
<4  0 
360 
300 W 
ia,  240 
41  180 
C.. 
120
1:4 
W >  60 
0 
AVERAGE DIVE DURATION VS DATE 
1 
PTT 823  _ 
i I 1 VIII llllll 1  J  ll  II I  I  I  1 I f I 
0)  CO ao  CO  CO  CO 
C\1  C\2  -.4  C\ 2 
E. E-i 
41  41  C.) 0 41  C.)
<4  U)  U)  Cl) o  0 0 
DATE (1990) 
Figure 34. Chronological comparison of average dive duration (AVDUR) for PTTs #823 
and #839 deployed in 1990.  Top of bar represents AVDUR for a 6-hour summary 
period. 75 
Table 9. Anova for average dive duration (AVDUR) among right whales tagged in 1990 
(PTT) (note: PTT 827 was not included in the anova because of low sample size). 
Underlined means were not significantly different as determined by Tukey's honest-
significant difference multiple comparisons (HSD) test (p  0.05). A = adult; J = 
juvenile; d = male; Y = female; 9c = adult female with a calf; 9p = pregnant female. 
PTT  823  831  825  839  833  840  827 
R  3.84  4.38  4.55  4.58  4.60  4.97  5.00
LOGAVDUR
MEDIAN  46.50  79.82  94.34  97.19  99.32  144.04  149.37 
AVDUR 
SEX  d 2, 2c  ?  21  21 cis 
AGE A A A A  J  A  J 76 
COMPARISON OF AVG. DIVE DURATION PER 6 HOUR PERIOD 
ALL 1990 ANIMALS 
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Figure 35. Comparison of mean AVDUR (s) during 6-hour summary periods for whales 
tagged in 1990. d = male, 9 = female, a = adult, j = juvenile, p = pregnant, c = 
calf. 77
1991: 
The distribution of 1991 mean dive durations (AVDUR) for 3 hr summary 
periods is shown in Figure 36. The overall mean dive duration (3i,) was 133 s, while 
the unweighted mean AVDUR  (k) was 158 s (SD = 83, n = 207, range 53-665). 
The median AVDUR  for all animals was 138 s. Seventy-nine percent of all AVDURs 
were less than three min; only 6% of all averages exceeded 5 min. Both the 
minimum (53 s) and maximum (665 s) AVDURs  were recorded for the same juvenile 
female, PTT 1387, during PERIODs  2 (2130  0030 EST)  and 6 (0930  1230 EST), 
respectively.  A  Log transformation (LOGAVDUR) improved both residual and 
normality plots and was therefore used throughout the remainder of the analysis. 
Mean LOGAVDUR  was significantly different among the three animals (two-
way ANOVA, p < .001; adjusted for serial correlation r1 = 0.438). Multiple 
comparisons of mean LOGAVDUR  were conducted (Table 10). The median AVDUR 
for PTT 1387, 174 s (n=97 periods), was significantly higher than the other two 
animals (p< 0.05; Figure 37). 
No  significant difference in mean LOGAVDUR  was observed among the eight 
three-hour summary periods when all animals were combined (two-way ANOVA, 
p=.31) or when animals were examined individually (p > 0.05; Figures 38-41). 
There were also no obvious seasonal trends observed in these data (Figure 42). 78 
ALL 1991 PTTs IIIIii  I 
mean = 158 +/ 83 s
n = 207 periods 
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Figure 36. Frequency distribution of average dive duration (AVDUR) during a 3-hour 
summary period for all PTTs deployed in 1991. 79 
Table 10.  Anova for average dive duration (AVDUR) among right whales tagged in 
1991 (PTT).  Underlined means were not significantly different as determined by 
Tukey's HSD test (p 50.05).  Y'c = adult female and her calf; ?, = juvenile female. 
PTT 
)1 
LOGAVDUR 
MED 
AVDUR 
n 
Ye 
1385  1386  1387 
4.58  4.91  5.16 
97.17  135.75  174.15 
21  89  97 80 
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Figure 37. Comparison of the distribuion of AVDURs recorded for individuals tagged 
in 1991 (i.e., PTTs #1385, #1386 and #1387). 81 
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Figure 38. Mean AVDUR (s) recorded during the eight, three-hour summary periods 
for all PTTs deployed in 1991. The narrow, lightly-shaded regions of the graph indicate 
periods of twilight. 82 
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Figure 39. Mean AVDUR (s) recorded during the eight, three-hour summary periods 
for PTT 1385 deployed in 1991.  The narrow, lightly-shaded regions of the graph 
indicate periods during of twilight. 83 
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Figure 40. Mean AVDUR (s) recorded during the eight, three-hour summary periods 
for PTT 1386 deployed in 1991.  The narrow, lightly-shaded regions of the graph 
indicate periods during of twilight. 84 
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Figure 41. Mean AVDUR (s) recorded during the eight, three-hour summary periods 
for PTT 1387 deployed in 1991.  The narrow, lightly-shaded regions of the graph 
indicate periods during of twilight. 85 
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Figure 42. Chronological comparison of AVDUR (s) recorded for the PiTs deployed 
in 1991 (i.e., #1385, #1386 and #1387). 86 
ALL YEARS COMBINED: 
When average dive duration data from all years were combined, the mean 
AVDUR12 (Ru) per 12 hr summary period was 92.28 ± 60.66 s (range 15-454 s, 
n=130). The data were right skewed (median = 82.5 s, mode = 43 s) and included 
data from 11 animals.  LOGAVDUR was significantly different among years two-
way ANOVA, p < 0.001) although sample sizes were unequal within and between 
years (Figure 43). The median dive duration calculated for 1991, 138 s, was 
significantly longer than the median dive durations calculated for 1989 (72 s) and 
1990 (80 s).  There were no significant differences observed between the two 12 hour 
periods (median = 98 s; two-way ANOVA, p = .21). 
NUMBER OF DIVES (DNUM) 
1989: 
In 1989, PTT 843 dove an average of 173 ± 46 times every four hours (i.e., 
per summary period; range 117-386 dives), or an approximately 43 dives/hour. The 
data were slightly right-skewed (median = 163; mode =158; Figure 44) and were 
therefore Log transformed.  Significant differences among the 4, 6-hour summary 
periods were not observed (F=1.178, p = .33, df = 4, 50). 
1990: 
The distribution of mean number of dives during 1990 is shown in Figure 45. 
Animals dove an average of 268 (+159, n = 301) times during a 6 hour summary 87 
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Figure 43. Mean dive duration for right whales tagged in 1989, 1990, and 1991. Only 
those whales for which adequate sample sizes to calculate mean dive duration were 
included. d = male, 9 = female, a = adult, j = juvenile, p = pregnant, c = calf. 88 
FREQUENCY HISTOGRAM: NUMBER OF DIVES
DURING A FOUR HOUR SUMMARY PERIOD
PTT 843  1989
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Figure 44.  Frequency histogram of number of dives (DNUM) during a four-hour 
summary period for PTT #843 deployed in 1989. F
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period (approximately 45 dives/hour). Diving rates were highly variable (range 55-
920 dives) among the animals; PTT 823 exhibited the most variable dive pattern (5i 
= 384 ± 181 dives, range = 70-920, n=124; Figure 46  49). 
Because the data were right skewed (median =219, mode = 137), numerous 
transformations were attempted to improve normality and stabilize the variance, of 
which the Log transformation was the most effective. 
LOGDNUM was significantly different among the seven animals (one-way 
ANOVA, p < 0.001, adjusted for serial correlation, r1 = 0.547). The median 
DNUM for PTT 823 (adult male) was significantly higher than for all of the tagged 
whales except PTT 831 (adult male; Table 11). PTT 840, the pregnant female, had 
the lowest median DNUM of all animals, but this was not significantly different than 
the median DNUM calculated for the three year-old female, PTT 827 (Figure 50). 
There were no temporal patterns observed in the rate of diving (LOGDNUM) 
throughout the day among the 1990 animals (one-way ANOVA, p = 0.08). When 
individual animals were examined (PTT 823, 833, and 839; insufficient data available 
for the other PTTs) there were again no significant differences in diving rates among 
the four summary periods.  In addition, calendar date had no observable effect on the 
number of dives per summary period (Figures 51-52). F
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Table 11. Anova for number of dives (DNUM) among right whales tagged in 1990 
(PTT).  Underlined means were not significantly different as determined by Tukey's 
HSD test (p5_0.05). A = adult; J = juvenile; d = male; 9 = female; 9c = adult 
female with a calf; 9p = pregnant female. 
PTT  840  827  833  839  825  831  823 
R  4.73  4.83  5.18  5.21  5.29  5.44  5.81
LOGDNUM
MID  114.04  125.80  177.74  183.52  198.82  231.20  334.1
DNUM  2
n  17  5 26 116 7 6 124
SEX  2,  Y  ?  6' 6' 2c  2c 
AGE  A  J  J A A A A 96 
COMPARISON OF AVERAGE NUMBER OF DIVES
PER SIX HOUR SUMMARY PERIOD
ALL ANIMALS
650
I I I I  I I  I I
600 N=301 124  7  5  6  26 116  17
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ALL  823 825 827  831  833 839 840
PTT NUMBER 
Figure 50. Comparison of average number of dives (DNUM) during a six-hour summary 
period for all right whales tagged in 1990. N = number of summary periods for which 
error-free data were collected. 97 
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Figure 51. Chronological comparison of DNUM for five right whales tagged in 1990. 
Bars represent the number of dives during a six-hour summary period. 
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Figure 52. Chronological comparison of DNUM for two right whales tagged in 1990. 
Bars represent the number of dives during a six-hour summary period. 99 
1991: 
The distribution of the mean number of dives per 3 hr summary period is 
shown in Figure 53. The mean (R.) number of dives per three hour summary period 
was 73 ± 30 dives (approximately 24 dives/hr). The median and mode DNUM per 
period for all animals were 74 and 36 dives respectively. 
Number of dives differed significantly among animals (two-way ANOVA, p 
< < .001, adjusted for serial correlation, r1 = .284; Table 12). The median DNUM 
recorded for the juvenile female (PTT 1387, 50 dives) was significantly lower than 
the other two animals (Figure 54). PTT 1385 had the highest median DNUM (105 
dives) and was significantly different than PTT 1386 (80 dives). 
Based on these data, there do not appear to be significant temporal differences 
in right whale diving rates throughout the day (Two-way ANOVA, p = 0.31). This 
was true whether animals were examined individually or as a group (Figure 55). PTT 
1386 dove more frequently during daylight hours (Figure 56), PTT 1387 dove more 
frequently at night (Figure 57), and rm. 1385, the animal for which the least data 
were obtained, exhibited a highly variable dive pattern (Figure 58). There were no 
other obvious trends in DNUM observed over time (Figure 59). 100 
ALL 1991 PTTs COMBINED 
0  20  40  60  80  100  120  140  160  180
MEAN DNUM
Figure 53. Frequency histogram of mean DNUM for all right whales tagged in 1991
combined.101 
Table 12.  Anova for number of dives (DNUM) among right whales tagged in 1991 
(PTT).  Underlined means were not significantly different as determined by Tukey's 
HSD test (p _0.05). A = adult; J = juvenile; 9 = female; 9c  = female with a calf. 
PTT  1387  1386  1385 
R LOGDNUM  3.92  4.38  4.66 
MED DNUM  50.18  80.19  105.33 
n  95  89  21 
SEX  9  9  9c 
AGE  J  J  A 102 
200
1385  1386  1387
PTT NUMBER
Figure 54. Box-plot comparison of the number of dives recorded during the three hour 
summary periods for the three right whales tagged in 1991. 103 
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Figure 55. Mean number of dives (DNUM) during the 8, 3-hour summary periods for 
all PTTs deployed in 1991. Lightly-shaded areas represent periods of twilight. 104 
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Figure 56. Mean number of dives (DNUM) during the 8, 3-hour summary periods for 
PTT 1385 deployed in 1991. Lightly shaded areas represent periods of twilight. 105 
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Figure 57. Mean number of dives (DNUM) during the 8, 3-hour summary periods for 
PTT 1386 deployed in 1991. Lightly shaded areas represent periods of twilight. 106 
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Figure 58. Mean number of dives (DNUM) during the 8, 3-hour summary periods for 
PTT 1387 deployed in 1991. Lightly shaded areas represent periods of twilight. 107 
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Figure 59.  Chronological comparison of number of dives (DNUM) during a 3-hour 
summary period for all right whales tagged in 1991. 108 
ALL YEARS COMBINED: 
Using the compressed data set for all years, the overall mean number of dives 
(R,,) was 528.2 ± 321.4 dives per 12 hours (range 76-1731, n=130), or 
approximately 44 dives/hr. Again the data were quite skewed (median = 435, mode 
= 318; Figure 60). Temporal differences in diving rates were not observed (F = 
0.09, df = 1, 554, p=0.76). 
PERCENT TIME SUBMERGED (%TSUB) 
1989: 
On average, PTT 843 spent 85+13% (range = 27-98%, n=55) of the time 
underwater (Figure 61). Submergence time did not appear to vary with time of day 
(F = 1.46, df = 4,50, p = 0.23). %TSUB was highly variable across all periods 
during which data were collected (range = 27-98) except for period 5 (range = 80-
97), or just after sunrise.  Surprisingly, period 5 also had the highest number of 
cumulative transmissions and the highest mean %TSUB (Figure 62). Thus, the 
observed lack of variability in period 5 was not due to a low sample size and may be 
an indication of stereotypic behavior (i.e., resting) just after dawn. 
1990: 
Mean %TSUB for all animals combined was 78% (SD = ± 13%, n=294, 
range=36-97%); the median and mode were 82% and 81% respectively (Figures 63-
67). The mean %TSUB for a 6 hour summary period was significantly different 109 
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Frequency distribution histogram of percent time submerged (%TSUB) 
during 4-hour summary periods for PTT 843 deployed in 1989. 111 
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Figure 62. Diel pattern of %TSUB for PTT 843 deployed in 1989. 112 
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Figure 63. Frequency histogram of percent time submerged (%TSUB) during 6-hour 
summary periods for all PTTs deployed in 1990. 113 
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Figure 64. Frequency histogram of percent time submerged (%TSUB) during 6-hour 
summary periods for PTT 823 deployed in 1990. 114 
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Figure 65. Frequency histogram of percent time submerged (%TSUB) during  6-hour 
summary periods for PTT 833 deployed in 1990. 115 
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Figure 66. Frequency histogram of percent time submerged  (%TSUB) during 6-hour 
summary periods for PTT 839 deployed in 1990. 116 
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Figure 67. Frequency histogram of percent time submerged (%TSUB) during 6-hour 
summary periods for PTT 840 deployed in 1990. 117 
among animals (Two-way ANOVA, p< < .001, Figure 68 and Table 13), but there 
were no obvious time-of-day effects on %TSUB (p=0.19, corrected for serial 
correlation, r = .513) when all animals were combined. When whales were 
examined individually, no significant differences were observed for %TSUB among 
the four periods. There were no other obvious temporal differences observed (Figure 
69-70). 
1991: 
The distribution of %TSUB is shown in Figure 71. The mean (50 percent 
time submerged (%TSUB) was 88.5% (range 37-98%, n = 207). The median 
%TSUB for all animals was 92%. A very low %TSUB (i.e., 37%) was recorded for 
PTT 1387. Though this time submerged is much lower than all other %TSUBs 
recorded in 1991, there were no transmission or logical errors detected in the 
datastream. The transmission was not removed from the dataset after determining 
analyses were not unreasonably influenced by the outlier. 
There was strong evidence of differences in the time spent submerged among 
the three animals for which dive data were recovered (two-way ANOVA, p < .001, 
adjusted for serial correlation r1 = .451; Figure 72). The mean %TSUB for PTT 
1387 was significantly lower than for the other two animals (Table 14). The adult 
female with a calf (i.e., PIT 1385) had the highest %TSUB of all animals (94.8 ± 
9.1%), but was not significantly different than PTT 1386. 118 
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Figure 68.  Comparison of the average percent time submerged (%TSUB) among 
selected PTTs deployed in 1990. 119 
Table 13. Anova for percent time submerged (%TSUB)  among right whales tagged in 
1990 (PTT). Underlined means were not significantly different as determined by 
Tukey's HSD test (p .0.05). A = adult; J = juvenile; d  = male; 9 = female; 9c 
= adult female with a calf; 2p = pregnant female. 
PTT  840  823  833  839  831  825  827 
k %TSUB  67  72  81  83  86  86  87 
SD  7  13  10  11  18  7  3 
n  15  122  26  113  6  5  5 
SEX  d  ?  ?c  d  ?c  9 
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Figure 69. Chronological comparison of percent time submerged for five PTTs deployed 
in 1990. Bars represent %TSUB during a six-hour summary period. 121 
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Figure 70. Chronological comparison of percent time submerged for PTT 823 and 839
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period.122 
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Figure 71. Frequency histogram of percent time submerged (%TSUB) during 3-hour 
summary periods for all PTTs deployed in 1991. 123 
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Figure 72. Comparison of %TSUB distributions among all PTTs deployed in 1991. 124 
Table 14. Anova for percent time submerged (%TSUB) among right whales tagged in 
1991 (PTT). Underlined means were not significantly different as determined by 
Tukey's HSD test (p  0.05).  A = adult; J = juvenile; 9 = female; 9c = female 
with a calf. 
PIT  1387  1385  1386 
R AVDUR  80.6  94.8  95.6 
97  21  89 
SEX  ?  9c  9 
AGE  J  A  J 125 
In addition, no significant temporal differences were observed in the submergence 
behavior of individual whales (p > 0.05) or when all whales were combined (p = 
0.50; Figures 73  77). 
ALL YEARS COMBINED: 
The mean %TSUB for a 12 hour period for all years and whales combined 
was 79.35 ± 12.64% (range 44-97%, n=130). The distribution of %TSUB is shown 
in Figure 77. The median and mode %TSUB were 82% and 94% respectively. The 
amount of time an animal spent submerged varied significantly among the three years 
of the study (p = .005, df = 2, 126). Again, no significant differences in %TSUB 
were observed between the dark and light periods of the day (i.e., PERIOD 1 and 2, 
respectively; two-way ANOVA, p = 0.07, df = 1, 126). 
CORRELATIONS AMONG VARIABLES 
Average dive duration (LOGAVDUR) and the number of dives (LOGDNUM) 
were negatively correlated in all three years (Tables 15, 16 and 17).  Correlations 
among the other variables were much more obscure. LOGAVDUR was positively 
correlated with percent time submerged (%TSUB) in 1990 and negatively correlated 
with it in 1989 and 1991. LOGDNUM was positively correlated with %TSUB in 
1990 and 1991 but negatively correlated with it in 1989, though this latter relationship 
was questionable due to a low sample size and a high amount of variation. These 
discrepancies were due primarily to the lack of linearity in the yearly data sets. 126 
100 
1991  ALL ANIMALS COMBINED 
0:4:::::M*:**::::444::::::**04 
90 
80 
70 
60 
50 
',:::":4::*:  .***". v."*" .,-1  e.*:40:440:4. 
go:+:+:::::+:VV:Av 
1  2  3  4  5 
PERIOD 
6  7  8 
Figure 73. Mean %TSUB (-I-SD) during the 8, 3-hour summary periods for all PTTs 
deployed in 1991. Lightly shaded areas represent periods of twilight. 127 
100 
90 
80 
70 
60 
50 
2 3 
PTT 1385  1991 
4  5  6  7  8 
PERIOD 
Figure 74. Mean %TSUB  SD) during the 8, 3-hour summary periods for PTT 1385 
deployed in 1991. Lightly shaded areas represent periods of twilight. 128 
100 
PTT 1386  1991 
90 
80 
70 
60 
50 
1  2  3  4  5 
PERIOD 
6  7  8 
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Figure 76. Mean %TSUB (-± SD) during the 8, 3-hour summary periods for PTT 1387. 
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Table 15. Product-moment correlation between dive variables for a right whale tagged 
in 1989. 
LOGAVDUR  LOGDNUM  %TSUB 
LOGAVDUR  1.0 
LOGDNUM  -0.7841  1.0
p< <0.001
%TSUB  0.7653  -.2235  1.0
p<<0.001  p = 0.10132 
Table 16. Product-moment correlations (r) between dive variables for right whales tagged 
in 1990. n=294 for all correlations. 
LOGAVDUR  LOGDNUM  %TSUB 
LOGAVDUR  1.0 
LOGDNUM  -0.945  1.0
p< <0.001
%TSUB  0.160  0.169  1.0 
p <0.006  p<0.004 Table 17. Product-moment correlations (r) between dive variables for right whales tagged in 1990. n=207 forall correlations. 
r  0.181 are significant (p  0.01). 
LOG  LOG  %TSUB MAX  MAX  DDUR  DDUR  DDUR  DDUR  DDUR  DDUR  DDUR  DDUR
AVDUR  DNUM  DDUR  SURF  0-1 1-4  4-7  7-10  10-13  13-16  16-19  19+
LOGAVDUR  1.0
LOGDNUM  -.284  1.0
%TSUB  -.010  .607  1.0
MAXDDUR  .142  -.372  -.112  1.0
MAXSURF  .099  -.555  -.482  .155  1.0
DDUR 0-1  -.250  .845  .442  -.133  -.408  1.0
DDUR 1-4  -.212  .537  .266  -.448  -.193  -.173  1.0
DDUR 4-7  -.132  .297  .045  -.464  -.179  -.018  .488  1.0
DDUR 7-10  .011 .042  -.373  -.373  -.061  -.012  -.231  .760  1.0
DDUR 10-13  .067 -.050  .064  .063  -.075  .079  -.433  .823  .794  1.0
DDUR 13-16  .136  -.319 .331  .331  .213  -.111  -.397  .809  .888  .807  1.0
DDUR 16-19  .265  -.288  .590  .589  .147  -.135  -.264  .703 .760  .723  .711  1.0
DDUR 19+  -.003  -.313  .700  .700  .066  -.157  -.190  .710  .762  .739  .764  .548  1.0134 
Of the two variables LOGAVDUR and LOGDNUM, the latter exhibited better 
correlation with %TSUB. The variables measuring surface activity (i.e., MAXSURF 
and #ODDUR) were positively correlated with mean dive duration (i.e., 
LOGAVDUR), and negatively correlated with both the time an animal spent below 
the surface (i.e., %TSUB) and the number of dives within a period (i.e., 
LOGDNUM) in both 1990 and 1991 (Table 16 and 17). The correlation between 
long dives (MAXDDUR, dives > 19 min) and long periods at the surface 
(MAXSURF) was insignificant. Thus, there was no evidence of a recuperative 
surface interval after long dives. 
MULTIPLE REGRESSION 
Multiple regressions were calculated to estimate the influence of the collected 
behavioral and demographic variables on AVDUR, DNUM and %TSUB. 
Regressions were run only on 1990 and 1991 data since only one whale was tagged in 
1989. Multivariate analyses will be addressed separately for each year because the 
behavioral variables were slightly different in 1990 and 1991. 
AVERAGE DIVE DURATION (LOGAVDUR) 
1990 MODEL: 
The following variables were used in the 1990 prediction equation for 
LOGAVDUR: PERIOD, LOGDNUM, XMITS/PASS, #ODDUR, AGE, SEX, 
XMIT/MIN, XMITDUR. 135 
The categorical variables PERIOD and AGE were represented in the equation as 
indicator variables. The inclusion of all 8 variables resulted in a very good linear fit 
of the data (R2 = 0.93, SD = 0.148). However, only LOGDNUM and #ODDUR 
tested as significant (p< < .001) predictors of LOGAVDUR. LOGDNUM alone 
accounted for 89% of the variation in LOGAVDUR. The inclusion of the "surface 
resting" variable, #ODDUR, improved the fit considerably (ESS F= 71.66, 
p< <.001, df = 1, 291) resulting in the following equation: 
LOGAVDUR = 9.76 0.99(LOGDNUM) 0.05(#ODDUR) 
R2 =0.91  SD = 0.17 
1991 MODEL: 
The following variables were used in the prediction equation for 
LOGAVDUR: LOGDNUM, PERIOD, MAXDDUR, MAXSURF AND AGE. When 
all five variables were included in the regression, 97% of the variation in 
LOGAVDUR was explained by the equation, and LOGDNUM and MAXSUF were 
significant predictor variables (p < .001). LOGDNUM alone explained 96% of the 
variation in LOGAVDUR. However, MAXSURF did contribute significantly (ESS F 
= 23.86, p < .001) to the following prediction equation: 
LOGAVDUR = 8.73  (0.90)LOGDNUM (0.02)MAXSURF
R2 (ADJ.) = 0.97  SD = 0.08136 
ALL YEARS COMBINED MODEL: 
In the combined data set, the following variables were tested in the prediction 
equation for LOGAVDUR12: LOGDNUM12, %TSUB12, SEX, AGE, YEAR, AND 
PERIOD12. Of the five independent variables, only LOGDNUM12, SEX and AGE 
were significant (p < .001), resulting in the following equation: 
LOGAVDUR12 = 9.87  (0.9)LOGDNUM12 + (0.16)SEX -0.16(AGE) 
R2 = 0.94  SD = 0.15 
Again, LOGDNUM alone accounted for the majority (92.4%) of the variation in the 
regression, but SEX and AGE added significantly to the regression (ESS F = 4.48, 
df= 9, 119, p<.001). 
NUMBER OF DIVES (LOGDNUM) 
1990 MODEL: 
The following variables were tested in the 1990 prediction equation for 
LOGDNUM: PERIOD, LOGAVDUR, #XMITS/PASS, #ODDUR, AGE AND SEX. 
Only LOGAVDUR and #ODDUR were significant predictor variables in the equation. 
LOGAVDUR accounted for most of the variation (89%) but #ODDUR did add 
significantly to the linear equation (ESS F = 105.11  ,  df =1, 291, p < <.001). The 
following equation was used to predict the number of dives occurring in a 6 hour 
summary period: 137 
LOGDNUM = 9.4  0.91(LOGAVDUR) 0.05(#ODDUR) 
DNUM = 9.4/(AVDUR)°.91/(e.05)/JODDUR 
R2 = 0.92  SD = 0.16 
1991 MODEL: 
The following independent variables were tested in the linear prediction 
equation for LOGDNUM: LOGAVDUR, PERIOD, MAXDDUR, MAXSURF and 
AGE. Note that SEX was excluded from the equation, since SEX did not vary among 
the 1991 animals (all were females). When data for all three PTTs were combined, 
the regression accounted for 97% of the variation in the data. However, AGE, 
PERIOD and MAXDDUR were not significant in the prediction and were therefore 
eliminated from the equation. LOGAVDUR alone accounted for 96% of the 
variation, but MAXSURF was a significant addition to the equation (ESS F = 23.45, 
df = 1, 202, p <.001). Thus, the following prediction equation was generated: 
LOGDNUM = 9.51  1.07(LOGAVDUR) 0.04(MAXSURF)
DNUM = 9.51/(AVDUR)1.°7 /  (e0.04)mAxsuRF
R2 = 0.97  SD = 0.08
ALL YEARS COMBINED MODEL: 
The following variables were used in the prediction of LOGDNUM12: 
PERIOD12, LOGAVDUR12, AGE, SEX AND YEAR. LOGAVDUR12 accounted 138 
for 92.4% of the variation about the regression line. Age was the only other variable 
that contributed significantly to the following equation: 
LOGDNUM12 = 10.42  (0.94)LOGAVDUR12  (0.12)AGE
DNUM12 = 10.42/(AVDUR°-94)/(eo 12)AGE
R2 = 0.93  SD = 0.160
PERCENT TIME SUBMERGED (%TSUB) 
Since %TSUB = AVDUR * DNUM, inclusion of both variables in the 
prediction equation for %TSUB should theoretically result in a perfect fit. The 
difference between a perfect fit and the observed fit was due most likely to the 
amount of time an animal spent at the surface.  Thus, the variables measuring time 
at the surface (#ODDUR and MAXSURF) were also significant predictors of %TSUB. 
In both 1990 and 1991, the majority of unexplained variation occurred for %TSUB's 
< 60% when LOGAVDUR and LOGDNUM were included in the regression 
equation. This may have occurred because during periods of low %TSUB, surface 
activity may have been high and AVDUR and DNUM may have been more variable. 
Based on the collected variables, the following regression models were constructed. 139 
1990 MODEL: 
The following variables were used in the prediction of %TSUB: LOGAVDUR, 
LOGDNUM, #ODDUR, PERIOD, and AGE. PERIOD and AGE were not significant 
in the prediction equation: 
%TSUB= -602.85 + 70.10(LOGAVDUR) + 70.09(LOGDNUM) 
0.10(#0DDUR) 
%TSUB = -602.85/(AVDUR701) * DNUM7"9/(e0.10)xoEIDUR 
R2 = .9867  SD = 1.57 
To test which variable was the best single indicator of the percentage of time an 
animal spent submerged, LOGAVDUR and LOGDNUM were separately removed 
from the equation while the remaining variables were retained.  Neither LOGAVDUR 
nor LOGDNUM alone were highly correlated with %TSUB (Table 16), and thus 
individually they explained little of the observed variation (1% and 2% respectively). 
The best single predictor of %TSUB was # ODDUR; alone, it explained 22.5% of the 
observed variation.  In addition, sex and age became important variables in the 
equation once LOGAVDUR was eliminated: 
%TSUB = 32.94 + 7.55(LOGDNUM) 2.99(#ODDUR) + 14.15(SEX) 
+ 4.64(AGE)
%TSUB = 32.94*DNum7.55/e2.99#0DDUR*e14.15SEX*e4.64AGE
R2 = .40  SD = 10.65140 
1991 MODEL: 
The following were tested in the prediction equation for %TSUB: 
LOGAVDUR, LOGDNUM, MAXSURF, MAXDDUR, PERIOD and AGE. The 
best prediction equation was computed as follows: 
%TSUB = -626.90 + 77.99(LOGAVDUR) + 78.33(LOGDNUM) 
+ 0.24(MAXSURF)
%TSUB = -626.90*(AVDUR) 7799 *(DNum)78.33*(e0.24)mAxsuRF
R2 = .9784  SD = 1.38 
As in 1990, LOGDNUM was a better predictor of %TSUB (R2 = 0.37) than was 
LOGAVDUR (R2 = 0.20). The only other significant variable in the equation (after 
LOGAVDUR was forced from the equation) was MAXSURF, resulting in the 
following equation: 
%TSUB = 52.75 + (8.77)LOGDNUM (1.87)MAXSURF 
%TSUB = 52.75*(DNum)8.77/(ei.nmAxsuRF 
R2 = .39  SD = 6.55 141 
ALL YEARS COMBINED MODEL: 
The following variables were tested in the prediction equation for %TSUB: 
LOGAVDUR12, LOGDNUM12, AGE, SEX and YEAR. The following equation 
was the best predictor of %TSUB when the data were combined: 
%TSUB12 = -671.54 + 70.39(LOGAVDUR12) + 72.72(LOGDNUM12) 
+ 1.50(SEX)
TSUB = -671.54*(AVDUR12)2039*(DNUM12)22.22*(e")'
R2 = .92  SD = 3.60
Neither LOGAVDUR12 nor LOGDNUM12 alone explained more than 1% of the 
variation observed in %TSUB12. 142 
DISCUSSION 
North Atlantic right whales, like many other great whales, range far offshore 
and swim hundreds of kilometers within and between seasons.  Tracking right whales 
using satellite telemetry offered an excellent opportunity to observe and record some 
aspects of their behavior over long periods of time, relatively independent of their 
geographic location, throughout the day and in all sorts of weather, with minimal 
interference from the observers. This study was the first successful attempt to 
continuously monitor the dive behavior of baleen whales over a period of several 
weeks. The following is an evaluation of the efficacy of the telemetry system and a 
discussion of the collected dive parameters. 
TAGGING EFFECTS 
Respiration and dive pattern data for right whales without tags in the Gulf of 
Maine are quite limited, making quantification of tag effects on individuals virtually 
impossible. Whales in this study showed very little reaction to tagging (Mate et. al., 
1992). In addition, the 1990 and 1991 tags, weighing just over 1/2 kilogram, 
represented much less than 0.1% of an individuals' total body mass. Stewart et al. 
(1989) concluded their PIT (2.8% of individuals' mass) had no effect on a captive 143 
ringed seal.  I have no evidence to suggest that the relatively small, lightweight tags 
used in this study adversely affected the behavior or health of the individuals studied. 
DIVING BEHAVIOR AND PHYSIOLOGY 
Based on the data, right whales should be thought of not as divers, but as 
"surfacers". Though individuals must surface to breathe and, due to their positive 
buoyancy, most likely to rest, the majority of their activities (i.e., feeding, 
socializing, mating) probably occur underwater. Thus, it would be important for 
individuals to maximize their time below the surface. The data reflected this 
partitioning of time; in all years, animals spent an average of 79% of their time 
submerged. Despite this high submergence time, individuals were still at the surface 
frequently enough to transmit to one of two satellites on average 9 times a day. 
In order to maximize resource acquisition, time at the resource should be 
maximized. Since "resources" (i.e., food, mates, milk, etc.) are below the surface 
for right whales, recovery time at the surface should be minimized so that time below 
the surface can be maximized. This "optimal breathing" (Kramer, 1988) is 
accomplished when dives are completely aerobic and only blood and muscle  oxygen 
stores need to be replenished (Gentry et al., 1986). Dives involving anaerobic 
metabolism are less efficient (Hermansen, 1969 in Dolphin, 1987b) and require 
additional recovery time at the surface to compensate for lactic acid accumulation 
(Gentry et al., 1986). Surface time could theoretically be decreased through 144 
hyperpnea (panting); however, in whales, very little variation in ventilation rates has 
been observed (Dolphin, 1987a), possibly because a substantial increase would 
sacrifice tidal volume (Butler and Jones, 1982). Therefore, the most expedient way to 
maximize time underwater is to limit anaerobic dives. Research involving Weddell 
seals (Kooyman et al., 1980), sperm whales (Watkins et al., 1985), humpback whales 
(Dolphin, 1987a), muskrats (MacArthur and Krause, 1989) and female elephant seals 
(Stewart and De Long, 1991) revealed that although these animals are capable of 
diving for long periods of time, short, and therefore primarily aerobic dives were the 
norm. 
Similar results were obtained in this study. Although long dives were 
recorded, the majority of submergences were quite short in duration. The mean dive 
duration for the entire study was 92.3 ± 60.7 seconds (median = 82.5 seconds). 
Comparisons with previous studies of cetaceans are complicated by the numerous 
definitions of a dive; "dives" in this study may more properly be termed 
submergences, whereas others have divided submergences into short dives (i.e., blow 
intervals) and long dives. However, the mean dive duration calculated in this study 
was similar to a mean calculated by Goodyear (1989) for humpback whales in the 
Gulf of Maine (96 s using all submergences). Other investigations (CETAP, 1982) 
have calculated mean dive times for northern right whales ranging from 1.88 min 
(112.8 s) for calves, 1.92 minutes for cows, 3.92 minutes for pairs/trios, up to 7.09 
min (425.4 s) for lone animals. Recalculation of mean dive times using the log-145 
survivorship plot criteria employed by the CETAP investigators (1982: dive = 
submergence > 30 sec) resulted in a mean of 3.9 min (235 ± 248 s) during 1990 
and 3.9 min (231 ± 191 s) in 1989. Thus, results from this investigation were 
comparable to those obtained in other studies. 
The point at which lactic acid begins to accumulate in the bloodstream of 
marine mammals is known as the aerobic dive limit (ADL) of an individual 
(Kooyman et al. 1980). Aerobic dive endurance should be proportional to W.' 
(where M = mass (kg): Dolphin, 1987b). The ADL of a 40,000 kg right whale 
would thus be approximately 14 minutes. In this study, 95% of all dives recorded 
were less than 14 minutes; thus, individuals appear to adhere to an aerobic dive 
schedule. 
Though the majority of dives were quite short, some dives  were quite long. 
Given the above calculations for a "typical" right whale, the 40 min dive recorded for 
PTT 839 in 1990 would probably far exceed the ADL of that whale.  If the animal 
remained submerged without respiring for 40 min, there must have been some reward 
(e.g., increased prey encounter) or at least the expectation of reward to offset the cost 
of an extended recovery period at the surface.  It is also possible, even probable, that 
she was resting just below the surface or nursing her calf, respiring while the 
transmitter remained submerged. The other lengthy dives recorded (i.e., 28, 17 and 
32 min) fall within the range of maximum dive durations reported in the literature for 146 
right whales (Leatherwood et al., 1982). The maximum dive duration recorded 
during the CETAP shipboard study was 15.8 min (CETAP, 1982). Wursig et al. 
(1986) recorded a 31 min dive for an undisturbed non-calf bowhead whale, while 
Braham et al. (1979) recorded dives exceeding 28 min for migrating bowheads. 
Given the similar size and habits of bowheads and right whales, the maximum dive 
durations observed in this study appear reasonable. Though an aerobic dive schedule 
has its advantages, the ability to endure extended periods submerged is an ecological 
necessity for a diving mammal. While extended dives necessitate prolonged recovery 
periods at the surface, they could facilitate avoidance of predators or the location and 
collection of deep or sparsely distributed food, and might then be worth the short-
term cost. 
Throughout the three years of the study, the measured dive characteristics 
(i.e., AVDUR, DNUM and %TSUB) were highly variable among the individual 
whales.  In previous investigations in which individuals were studied intensively, 
significant variation in dive parameters among individuals was also found for gray 
whales (Harvey and Mate, 1984), leatherback sea turtles (Eckert et al., 1989), 
northern elephant seal bulls (Stewart and De Long, 1991); singing humpback whales 
(Chu, 1988), and California sea lions (Feldkamp et al., 1989). This high degree of 
individual variability complicates efforts to make generalizations about the behavior of 
a population. LeBoeuf et al. (1988) noted that mean dive durations appeared to 
increase with increasing mass and age in female northern elephant seals, although in 147 
studies of leatherback sea turtles (Eckert et al., 1989) such trends were not apparent. 
In this study, the variables sex and age were correlated with AVDUR and DNUM: 1) 
males tended to dive more often and averaged shorter dives than females, 2) females 
with calves dove more often and averaged shorter dive durations than females without 
calves, and 3) juvenile females dove less often but averaged longer dives than adult 
males or females with calves. However, these trends were not statistically significant. 
Body mass affects body oxygen stores (Calder, 1984), metabolic rate (Brody, 1968), 
and thus aerobic dive endurance (Stewart and De Long, 1991). In baleen whales, 
including right whales, females are generally larger than males of similar age; thus it 
seems reasonable that females could dive longer than males of the same age.  In 
addition, two of the females (i.e., PTT 825 and 839) were known to be mature 
females (Scott Kraus, pers. com.). Each had a calf-of-the-year and thus both were 
lactating.  Lactation exerts a tremendous stress on a female by depleting energy stores 
(Lockyear, 1981) and may have negatively influenced the mean time nursing cows 
could remain submerged. Females with calves may have also been reluctant to spend 
long periods of time away from their calves. On the other hand, the one pregnant 
female tagged averaged fairly long dive durations (i.e., PTT 840, median  = 140 
seconds).  Studies of Weddell seals revealed no discernable differences in the diving 
abilities between pregnant and non-pregnant females (Elsner et al., 1969). Thus, the 
aerobic dive capacity of right whales may be affected by their sex or size, but we do 
not know to what extent they influenced the monitored dive parameters. 148 
As previously mentioned, dive variables were highly variable within and 
among individual whales throughout the study. Some individuals were more variable 
than others; in 1990, the highly mobile male (PTT 823) and in 1991 the juvenile 
female (PTT 1387) exhibited the most variation in DNUM. Because it appears that 
right whales adhere to an aerobic dive schedule, it is unlikely that physiological 
parameters alone are influencing dive characteristics, though they certainly may limit 
the extremes. The observed variability of dive parameters within individuals may be 
a indication of changing extrinsic factors. One such factor may be the distribution of 
their primary food source, zooplankton, which is quite patchy and unpredictable. 
Also, weather may affect prey distribution, could make travelling more difficult, and 
could limit surface resting opportunities. In addition, chances to socialize may also be 
"patchily" distributed.  Plasticity in diving behavior would be advantageous under 
such conditions and would enable individuals to take advantage of mating, feeding and 
resting opportunities as they arise. 
Diel fluctuations in activity patterns have been documented for numerous 
species of marine mammals. Apparent diel changes in diving behavior have been 
observed in pilot whales and common dolphins (Evans, 1974), humpback and fin 
whales (Watkins et al., 1981; Mate et al., in prep.), and numerous species of 
pinnipeds.  Most of these patterns have been ascribed to diel behavior of the 
preferred prey. By comparison, I found no evidence of diel patterns in the dive 
behavior of northern right whales during the three years of the study. One reason for 149 
this may have been a lack of diel vertical migration of their prey. Though many 
zooplankton are known to migrate to the surface with the deep scattering layer, the 
copepod Calanus finmarchicus, the primary prey of right whales, is a weak diel 
migrator (Cushing and Walsh, 1976; Smith, 1988). In the North Atlantic, the extent 
of the diel migration of C. finmarchicus varies with season (Smith, 1988). During 
May and June, a downward migration begins, and Class IV and Class V C. 
finmarchicus are concentrated in the deep basins of the Nova Scotian shelf (Sameoto 
and Herman, 1990).  In the late summer and fall (the time of this study) there is a 
substantial seasonal reduction in diel migratory patterns of this copepod; 
approximately fifty percent of the shelf population of Calanus is consistently found 
between 200-250 m. Dense aggregations of copepods (i.e., 310,920 individuals/m2) 
remain concentrated in the basins for extended periods due to shelf advection from the 
Gulf of St. Lawrence and the decrease in diel movements. In the spring,  copepods 
migrate toward the surface, where they reproduce. This seasonal vertical movement 
of copepods appears to be reflected in the feeding behavior of northern right whales: 
in the spring, whales are observed skim feeding at the surface (Mayo and Marx, 
1990). In contrast, in the summer and fall, when their primary prey descend to 
deeper waters, very little surface feeding is observed.  It is possible that this lack of 
diel variation in dive behavior was due to data collection techniques and not the 
behavior of the whales. To ensure that diel patterns in the measured variables were 
not confounded by the lengthy periods over which data were summarized in 1989 and 
1990 (i.e., 4 hr and 6 hr respectively), summary periods were shortened to three 150 
hours in 1991.  Decreasing the summary period length had no effect on my ability to 
detect evidence of diel activity patterns. Thus, my data collection technique probably 
did not mask diel diving patterns in the satellite-monitored right whales. 
Despite the significant variation in the collected dive parameters, some 
predictions of right whale behavior were still possible.  In general, as the mean 
duration of dives increased, the number of dives decreased. The amount by which 
dive frequency decreased differed among years, but it was consistently influenced by 
the amount of time spent at the surface ( #ODDUR and MAXSURF). When data from 
all years of the study were combined, age appeared to influence the mean dive 
duration, the number of dives, and the percent time submerged, while sex of the 
animals appeared to influence the mean dive duration. Note, however, that lurking 
variables may have been omitted, confounding the data, and since this was an 
observational experiment, trends should not be confused with cause and effect. 
Equations for all three dive variables (i.e., AVDUR, DNUM and %TSUB) 
were similar in 1990 and 1991. When intercepts in the equations differed, it was 
probably due to increased surface time, while differences in the calculated slopes may 
have been a reflection of the aerobic fitness of individuals or increased surface 
activity.  In their study of freely diving muskrats, MacArthur and Krause (1989) 
observed that surface activity confounded the relationship between diving behavior 
and energy expenditure. Though the mean dive duration differed very little between 151 
surface active and surface resting muskrats, the number of dives varied significantly. 
Of the variables AVDUR and DNUM, the latter was the better predictor of percent 
time submerged in this study, possibly because it reflected behavior at the surface. 
SATELLITE TELEMETRY PERFORMANCE 
At this time, the use of satellite telemetry to monitor dive behavior of 
cetaceans precludes the collection of detailed dive sequence information due to 
ARGOS transmission baud limits. However, the use of data compression and 
statistical summaries make the PTT a very useful means of remotely collecting 
respiration and dive data from free-ranging cetaceans. This study developed one of 
the largest databases of movements and dive behavior data ever collected for a baleen 
whale. 
In studies using visual cues to measure respiration and dive characteristics, it 
is possible that dive durations are underestimated because of the difficulty in 
recognizing a whale surfacing after a long dive (Dorsey et al., 1989). Similar 
problems occur in VHF telemetry studies. On the other hand, Winn et al., (CETAP, 
1982) claimed that most dive duration estimates by visual means were overestimations 
due to the arbitrary separation of dives and blow intervals, and advocated the use of 
log-survivorship plots to identify interbout and intrabout dives. The use of a salt 
water switch to determine the submergence of an animal ensured that no dives during 
a period were missed, resulting in less biased results. However, this technique may 152 
have underestimated surfacings. By measuring all submergences, less prejudicial 
methods such as the log-survivorship plot can be later used to separate dives from 
blow intervals.  Until a "universal" method of measuring and defining a dive is 
agreed upon, comparisons with other studies remain difficult. 
Monitoring cetaceans using satellite telemetry is not without its difficulties. 
Remote application of the transmitter and attachment-longevity are still problematic. 
To date, tags have remained attached to right whales from 0-42 days. ARGOS sensor 
data are often inaccurate (Fancy et al., 1988; Stewart et al., 1989), and very little 
has been published concerning error detection and correction of these sensor data. 
Data collected from a satellite monitored pilot whale (Globicephala melaena) released 
after rehabilitation (Mate, et al., in prep.) also contained transmission errors.  Other 
Argos users with "traditional", high-powered PTTs (i.e., The National Data Buoy 
Center) have experienced error rates averaging 15% (Ray Partridge, pers. com.). In 
the present study, error rates ranged from 11-19%, and inclusion of an error detection 
code and careful scrutiny of the sensor data were invaluable in screening errors from 
the database. The lack of direct observational data makes definitive characterization of 
dive patterns associated with such behaviors as feeding, resting and traveling 
impossible. 
Because uplinks with the satellite were more likely when the animal was 
submerged for short periods of time, discrete data were probably biased towards 153 
shorter dives.  Discrete data were useful, however, in that they provided small sub-
sample of dive patterns. The resolution of these detailed dive patterns was quite 
crude due to the minimum repetition rate and transmission requirements of ARGOS. 
Summary data were less likely to be affected by the biases associated with the discrete 
data. However, due to the serial correlation in the data (i.e., adjacent periods are 
similar), long submergences recorded in one period may have been less likely to be 
transmitted in the following period because the animal was likely to have continued 
the extended submergence/diving behavior. 
In addition, the number of uplinks and the quality of location data are most 
likely dependent upon the surfacing patterns of the species studied. One would not 
expect the number of uplinks during a pass of the satellite to exceed the average 
blows per surfacing of a species. Wursig et al., (1984) and Dolphin (1987) reported 
an average of 4 blows per surfacing for bowhead and humpback whales.  In this 
study, the right whales monitored averaged approximately 3 uplinks per successful 
satellite pass. In a previous study of a bottlenose dolphin, an animal that surfaces 
quite frequently, approximately twice as many transmissions per successful uplink 
with the satellite were recorded, resulting in superior location data (Mate et al., in 
prep). Thus, basic behavioral patterns of a species profoundly affect the utility of 
satellite acquired data. 154 
Overall, the software used in the 1991 PTTs was probably the most useful. 
By collecting data in the histogram format, the distribution of dive durations could be 
examined, resulting in a more confident use of the summary statistics. The direct 
measurement of the maximum surface times and maximum dive durations was 
extremely helpful. However, the discrete data collected in 1990 and 1989 did appear 
to be representative of overall dive behavior characteristics and did provide a means 
for examining dive sequences. The PTT software will continue to evolve, and as data 
compression techniques, tag size, and ARGOS capabilities advance, so will the quality 
and quantity of these remotely collected behavioral data. 
Clearly, satellite telemetry is a useful tool in collecting dive information as 
well as information on the large-scale movements of free-ranging baleen whales. 
Data were retrieved simultaneously from numerous individuals under varying 
circumstances (adverse weather conditions, animals 350 miles from shore, etc.) in 
which traditional data collection techniques would have been difficult or impossible. 
Though these large cetaceans spent a great deal of time submerged, they were still at 
the surface enough to transmit data via satellite.  Thus, satellite telemetry is rapidly 
becoming a valuable means of collecting a large body of information about a very 
difficult to study marine mammal. 155 
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APPENDIX A: ENERGETICS 
Energy budgets have been developed for several species of whales (Kenny et 
al., 1986; CETAP, 1982; Brodie et al., 1978; Lockyear, 1981) based on Brodie's 
(1975) body measurements and fat-thickness model.  These estimates of energetic 
requirements often exceeded the measured food availability. This may, in part, be 
due to overestimation of energy losses (Kraus, 1985), or to inadequate plankton 
sampling methods (Dolphin, 1987c; Brodie et al., 1978). Energy expenditure can 
also be estimated by measuring an animal's metabolic rate (Schmidt-Nielson, 1975) 
and has been expressed in terms of oxygen consumption per unit time for whales 
( Gaskin, 1982).  In turn, metabolic rate can be expressed in terms of oxygen 
consumption per unit time (Gaskin, 1982) and is influenced by environmental 
conditions and behavior in cetaceans (Lockyear, 1978). Breathing rates and metabolic 
rates have been found to be highly correlated in numerous diving vertebrates (Butler 
and Jones, 1982). Thus, respiration data might be used to estimate the physiological 
states and energy requirements of an animal. 
Unlike small cetaceans, the exhalation or "blow" of a large baleen whale is 
often visible for miles. Therefore, respiration data can be collected from free ranging 
animals when they are visible. The relationship between ventilation and dive patterns 
has been reported for several whales including foraging bowhead whales, Balaena 
mysticetus ( Wursig et al., 1984), gray whales, Eschrictius robustus (Wursig et al., 164 
1986) and humpback whales, Megaptera novaeangliae (Dolphin, 1987a), as well as 
wintering gray whales (Harvey and Mate, 1984). The blow rate of gray whales has 
been used to estimate "cost of transport" during migration (Sumich, 1983). Dolphin 
(1987b) used the respiration rate of the humpback whale to determine the energy 
expended by foraging individuals. Thus, the exhalation of a whale can be used to 
delineate dive patterns and estimate daily energy consumption. However, this 
technique is dependent on the visibility of the blow of an individual, and during 
adverse weather conditions and periods of low whale activity, blows may be missed 
and thus respiration rates may be underestimated. 
In this study, respiration rates of the satellite monitored right whales were 
estimated from the remotely recorded dive frequencies of individuals. Because the 
tag was placed high on the whale's back, the tag usually surfaced when the animal 
surfaced for a breath. Thus, I assumed that each surfacing was accompanied by a 
minimum of one blow. Note, however, that more than one blow could occur during 
extended, uninterrupted periods at the surface. I assumed that the number of blows 
per period equalled the number of surfacings in a period, and that the number of 
surfacings equalled the number of dives in a period. This number was calculated for 
periods during which animals spent little time ( < 10%) at the surface to minimize the 
chance of grossly under-estimating the number of blows. 
#BLOWS = DNUM (WHERE %TSUB > 90%) 165 
CALCULATION OF MEAN ENERGY EXPENDITURE 
An estimate of the daily energy expended by a right whale was calculated 
using my estimate of the mean number of blows per summary period and equations 
from Sumich (1983) and Dolphin (1987b). Vital capacity, or total lung volume, was 
estimated based on the weight (40,000 kg; Kenney et al., 1986) of an average right 
whale in the Gulf of Maine. Tidal volume, or the amount of air flowing into and out 
of the lungs with each breath, is quite high in cetaceans. The estimate employed in 
this model (80% of total lung volume) was based on laboratory studies of small 
odontocetes (Irving et al., 1941). Sumich (1984) concluded that a captive gray whale 
extracted approximately 10% of the available oxygen in the lungs with each breath. 
Multiplying this number by tidal volume and the mean blow rate per period and 
converting to kilocalories resulted in an estimate of the energy expended by a right 
whale during a given period of time. 
1. VITAL CAPACITY (ml) 
VC = 56.7 * MASS (kg)  (Stahl, 1967) 
2. TIDAL VOLUME (L) 
TV = VC (ml) * 1 (L)/1000(m1) * 0.80 
(Irving et al., 1941) 166 
3. 02 UTILIZATION (L/PERIOD) 
VO2 = TV * EXTRACTION EFFICIENCY * MEAN BLOW RATE/PERIOD 
= TV * .10 * X #BLOWS 
(Sumich,  1984) 
4. ENERGY EXPENDED PER PERIOD (kcal/PERIOD) 
EP = VO2 * 20.1 (kcal/L 02) 
(Brodie,  1975) 
MEAN ENERGY EXPENDITURE PER DAY 
Based on the calculations of the mean #BLOWS per selected individuals and 
years, the caloric outputs for various right whales were estimated (Table  18).  The 
calculated mean energy expenditure for the tagged  1991 whales was lower than that 
calculated animals tagged in 1990. On average, females expended less energy than 
males, and a female with a calf expended more energy the other females. PTT  823 
expended more energy than any of the other animals examined. Table 18. Daily energy expenditure (kcal) for Northern right whales monitored using satellite telemetry. Caloric outputs were 
estimated using ventilation rates and equations 1-4. 
Ventilation  PTT 843  PTT 823  PTT 833  PTT 839  PTT 1385  PTT 1386  PTT 1387  ALL  ALL
and Energy Expended  a  a  ?  9,  9  9  9  1990 PTTs  1991 PTTs
blows/period  155  431  303  219  107  82  105  265  87
mean and range  (117-190)  (164-578)  (273-333)  (172-289)  (70-154)  (60-174)  (-)  (119-578)  (60-174)
mean blows/day  930  1724  1212  876  856  656  840  1060  696
mean E  4.66x106  8.64x106  6.07x108  4.39x106  4.29x106  3.29x106  4.20x106  5.31x106  3.49x106
(kcal/day)168 
DISCUSSION 
Though the approximation of the daily energy expenditure for the chosen 
animals (3.49 x 106 kcal) was necessarily quite rough, it appears to agree with 
estimates using other approaches. The basal metabolic requirement (Brodie, 1975) of 
an adult right whale was estimated to be between 1.66  4.41 x 105 kcal per day 
(Kenney et al., 1985, 1986). Brodie (1981) estimated the costs of reproduction, 
growth, intensive feeding and basal metabolism in bowhead whales to be a minimum 
of 1.9 x 105 kcal per day. Estimated energy expenditures based on my estimated 
ventilation rates are an order of magnitude higher than these estimates, despite the 
likelihood that I underestimated the respiratory exchange in right whales.  If 
corrected, my energy output estimates would be even higher. However, the energy 
expenditure estimate in this study is for active individuals, and should therefore be 
higher than previous estimates of basal metabolism alone (Kenney et al., 1986). In 
addition, the mean energy used per day varied dramatically among individuals (range: 
3.49  8.64 x 106). This may have been due to individual variation in oxygen uptake 
rates, lung volume, weight, etc.  Thus, these estimates are subject to the limitations 
of our ability to correctly identify and paramaterize the physiological variables for an 
individual whale and the environmental variables to which they are exposed. Right 
whales are large study animals and do not fit in the conventional respirometer; since 
we are unable to measure these physiological environmental variables directly under 
controlled laboratory conditions, variation among estimates is not surprising. 169 
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